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KE/E PING UP WITH 


BACK ON THE JOB after a 25-year 
layoff are the original Westing- 
house generators at Niagara Falls. 
These went into service in 1895 as 
part of the first great a-c poly- 
phase power system. Replaced in 
1917, they were kept as standby 
equipment until the beginning of 
the present war. Rewound and re- 
conditioned, they are now back in 
full-time service, delivering more 
power than when new. 


LIGHTS FOR HEAVYWEIGHTS. Those 
new super-bombers we’ve been 
reading about brought trouble on 
landing fields. Contact lights, sunk 
in the concrete runways, weren't 
built to stand the weight, so struc- 
tural strength had to be increased 
to 200,000 pounds, without any 
change in dimensions. As late as 


1942, 35,000 pounds was standard. 


SIX-ROOM TRANSFORMERS—rather 
transformers as large as a six-room 
house are now serving a new war 
industry. They’re rated at 75,000 
kva each, and require 188 tons 
of steel, 130 miles of copper wire. 
Separately-mounted radiators, and 
use of Hipersil for cores kept down 
size and weight. Otherwise, say 
engineers, problems of shipment 
and installation would have been 
insuperable. 


ELECTRONS BY THE POUND. One of 
the slide rule boys has figured out 
that nearly 4 pounds of electrons 
pass through each of the d-c ter- 
minals of a 10,000 ampere Ignitron 
rectifier in the course of one year. 
That’s about 2,000,000,000,000,- 
000,000,000,000,000,000 electrons, 
. they tell us. 


“MAKE WAY FOR A SAILOR” may be 
the new slogan in locomotives. 
Steam turbines, so efficient in ship 
propulsion, are being adapted for 
railroad use. Tests of one Westing- 
house experimental 6,500 hp unit 
indicate a saving of one-fourth in 
steam required, compared to con- 
ventional reciprocating engines of 
the same power. 


INSPECTING THE INVISIBLE. Tiny 


pinholes, invisible to the naked 


eye, mean defective tin plate and 
possible spoilage of badly needed 
food. A Westinghouse photoelec- 
tric device detects these defects 
every time, though the tin plate 
rolls past at 1,000 feet a minute. 
Flawed sections are automatically 
marked, to be later cut and re- 
moved. 


Research behind gas turbines 


The known simplicity and theoretical efficiency of the gas turbin 
challenged generations of engineers. But the gas turbine as a pr 
producer of power could not exist until new alloys were created—all 
which could withstand high temperatures for long periods. = ‘ 


In the testing machine shown here, Westinghouse scientists | 
alloys, subjecting them to stresses of thousands of pounds per square 
inch at temperatures as high as 1,000 degrees Fahrenheit. This | 
research that provided better materials for steam turbines. 


It was also an important step toward gas turbines. As the work 
tinued, with new alloys and new testing machines, positive result: 
obtained at the high temperatures required for efficient gas 
operation. Thus, research developed the materials which make t. 
turbine a practical possibility. 


Another example of the Westinghouse research that is const 


providing new tools for industry. Westinghouse Electric & 
turing Co., Pittsburgh 30, Pennsylvania. 


WESTINGHOUSE PRESENTS: John Charles Thomas, Sun. 2:30 p.m., EWT, 
“Top of the Evening,” Mon, Wed. Fri. 10:15 p.m. EWT, Blue Network. 


Westinghouse — 
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OUT OF TODAY'S RESEARCH 
TOMORROW IS ENGINEE! 


RECORD BREAKING HEAT WAVE 


| palae age HEATING through powerful high-frequency radio waves is 
breaking records in speeding up production of bonded plywoods, tin 
plating and in other industrial applications. 

Of prime importance to the efficiency and stability of such high- 
frequency circuits is insulation whose composition and strength is master 
of both power and heat. 

Permanent in their hardness, strength and rigidity, ALSIMac Ceramic 
Insulators are not subject to distortion, warping or shrinking. 

AutS1Mac bodies, each with its particular characteristics, are available 
to meet all insulating requirements. Our engineering and research people 
will gladly cooperate in today’s design—tomorrow’s production. 
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| HE ADVISABILITY of 
4 providing special weather 
orecasts for utilities and util- 
ity engineers, including com- 
munication and _ transporta- 
“ion organizations, was sug- 
ested by weather forecasters 
and climatologists early in 
1943. It was recommended 
that utility engineers should indicate bb special features 


article. 


of weather forecasts would make these preslickons of 


special value to them. 
As far back as 1934 and as peenadi: as May 1940, 


conferences held in Harrisburg, Pa., by the Pennsylvania 


Electric Association,* and in Washington, D. C., aimed 
at the establishment by the electric utilities of pee Honal 
weather-observing stations in those areas and greater 
dissemination and more purposeful use of weather fore- 
casts. Assembly and dissemination of weather records 
by means of commercial teletype communication was 
recommended, a practice well-established in civil aviation 
in Canada, since an official typed record has certain 
advantages over oral or unrecorded communications, and 


receipt of teletype messages does not take employees — 


away from other duties. 

At the Harrisburg conference, a co-operative movement 
was set up whereby four observations would be taken by 
the electric utilities each day at 5 and 5:30 a.m. and at 
2 and 2:30 p.m. Arrangements were made so that, in 
the Pennsylvania area, cloud cover, temperature, wind 
direction and velocity, and time of beginning and end of 
precipitation, would be furnished by the electric utilities 
from nine stations. ‘These reports would be called for at 
centralized “points by the weather bureau at 5:50 a.m. 
and 3 p.m. Special early-morning forecasts then would 
cover sky conditions, time and character of fog or pre- 
cipitation, maximum and minimum temperatures, signifi- 
cant air movements, thunderstorms, glaze, humidity, 
and important air-mass movements for that day. Em- 
ployees would be instructed in using these forecasts for 
establishing electric-service security and would learn the 
definitions, terms, and code procedures used by the 
meteorological office. ‘At one of these conferences, the 
issuing of four Government weather maps per day was 
announced for some parts of the country. 


————————— ee 
* The systems operation committee of the Pennsylvania Electric Association, under 
the chairmanship of W. R. Hamilton, West Penn Power Company, Pittsburgh, Pa’, 
and more recently under the chairmanship of E. W. Middleton of Pennsylvania Power 
and Light Company, Hazelton, Pa., has studied weather quite extensively during the 
past five years. A report on the work of this group may be secured from the Edison 
a Institute, New York, N. Y. 
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Special forecasts for electric-power companies 

‘and wider dissemination and more effective 

use of these forecasts are advocated in this 

Effects of glaze storms, lightning, 

hurricanes, magnetic storms, fog, flood, pre- 

cipitation, and high and low temperatures . 
on electric service are discussed. 


ila “To record the meteorological needs of the electrical industry. 


__ properties. 
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The advantages of long- 
’ time forecasts of precipitation 


ceived attention recently in a 
paper by Doctor Merrill 
Bernard, dealing with the 
classification of the various 
types of storms and the prin- 
ciples determining the maxi- 
mum probable storm occurring in a particular drainage 
basin. Recently, the English research organizations have 
established by experiment the value of the public co- 
operation in locating accurately the eae and bounds 
ries of electric storms. gee 

The purpose of this article is ~ 


4 ‘ 


2. To suggest what studies, forecasts, and recordings should be | 


available for establishing greater security in supplying electric 


energy, water, gas, community steam heat, electric rail transport, 
communication, and other like services. 


3. To indicate what has been done already on a come, basis 
by interested private organizations. 


4. To secure more reliable estimates of immediate and longer- — 


time water-power resources and storage of precipitation. 


NEED FOR METEOROLOGICAL DATA IN ESTABLISHING 
SERVICE SECURITY FOR ELECTRICAL CONSUMERS 
If the service security is to be established for electrical 


consumers, forecasting is essential to electric utilities— 
especially short 4- to 12-hour forecasting of the incidence, 


_ coverage, severity, and the paths and speeds of all storm 


fronts and atmospheric disturbances, including magnetic, 
glaze, and electrical storms. 


Glaze Storms. Glaze storms in the past have created 
the greatest insecurity and caused the longest interruptions 
to service and the most physical damage to electric-power 
About the only recognized means of pro- 
tection against the mechanical overloading of electric 
transmission conductors by glaze and sleet is internal 


and associated subjects \re- — 
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warming of the conductors, sometimes limited in applica-— 


Essential substance of an address presented at a joint meeting of the AIEE, Toronto 
Section, and the Royal Meteorological Society, Canadian Branch, October 25, 1943. 
and at a joint meeting of the AIEE, Montreal Scction, and the Engineering Insti- 
tute of Canada, April 27, 1944. 


Ontario, Toronto, Ont., Canada, ; 


The author acknowledges assistance in the preparation of this article received from 
engineers associated with the Pennsylvania Electric Association, 


The statements and opinions expressed in this article are the author's and shall not 
necessarily be construed as being those of his employer. 
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be kept on the alert. 
_ ductors may be expected, and both electrical and mechani- 
cal failures are likely to occur because of the action of 


2 copper wire ten 

days after storm at 

Van Hornesville, 
N.Y. 


Ice has revolved with 
original icicles melting 
back and new ones 


forming 


‘ 
. 


tion, since the necessary power current may not be avail- 
able. If notice of from 4 to 12 hours is given for glaze 
or sleet storm, warming overloads frequently can be set 
up by rerouting of circuits, without great inconvenience 
to the stability and security of an,electric system—even 
when the glaze deposits are only a probability. “T'wo-to- 


four-hour notice of duration and severity of approaching 


‘storms would be sufficient for load despatchers instructed 
in rerouting of power and doubling up of electric loads 
on lines in the forecast areas. 


This warming up of conductors is most effective and 


most easily done when. glaze is forming, because the 


' formation of ice or rime on the surface of the conductors 
There is considerable © 


at that time is very critical. 
evidence that a change of temperature of a small fraction 
of a degree at the surface of a conductor will check or 
prevent the formation of glaze. Instances have been 
noted where a water film was found between the ice coat- 
ing and the de-energized conductor during a short period 
_ of sunshine. - Evidently there was enough absorbed and 
~ locally reflected solar heat at the dull corroded surface of 


the conductor to account. for. the loosening of the ice 


coating from the cold conductor. Sometimes because of 


gravity, the ice coating, having quite irregular cross” 


sections and shapes, actually rotates 90 degrees or so on 
the conductor. 

If forecasts covering an area are not available, the 
_electric-supply utilities find it difficult to discover what 
is going on at the center of a 50-mile and in some cases a 
275-mile length of line between terminals. The terminals 
both may be outside the sleet area, and yet, because of 
various types of excessive mechanical loads, Risa can 
occur near the center of the section. 

Even if operators fail to make satisfactory use of fore- 
casting or find it impossible to reroute electric loads, it 
still is important that forecasts of temperature and of light 
_and heavy winds be made available while the ice is en the 
conductor, for the patrol and maintenance group must 
Phenomenal motions of the con- 


cross winds on the stream-lined cross sections of the glaze 
or on the partially coated surfaces of the wires. Under 


certain conditions, the wind tends alternately to lift and 
to depress the conductor, with the result that, at the middle — 
of the span, the conductor may be found in quite unex- 
pected positions. ; 
» While short-time forecasts—4 to 12 hours—are likely. 


to be most authoritative, nevertheless the more normal 
forecasts—12 to 36 hours—soon should be sufficiently 
authentic to be useful, especially for glaze storms. Longer- 
range forecasting—weekly to seasonal or annual—and 
cyclic phenomena now are used by some utilities in deter- 
mining water-storage and like system requirements. 
Some electric-power utilities, co-operating with the 


204 


“ Figure 1 Number 


‘ stor" and are ee Eee 


_system are of short duration; at times, however, impor 


_or eas defenses, ae storms ae storm "pat 


far north as the easterly counties of Ontario. 
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and rerouting, troubles expected during glaze st 


hae ‘Thunderstorm pad should 


might alarm the average readel or taehaes 

- At the present time lightning is the most frequent sour 
af insecurity, outages, interruptions, and failures, 
electrical works. Many actual interruptions to ser 
due to lightning which affect the security of an ele 


apparatus either is lost to the service or, requires an out 
service ee for eae When eee is s for 


lightning. a 
ae onan transmission ne and sation a 


near or striking diveatly at heh power wires atid) insta 
of overhead or grounded wires, which requires ¢ 
investments of 10, 15, or 20 per cent, sometimes amou 
to millions of dollars. However, since there is no p 
security against the effects of lightning discharges, sp 
operating setups should be established, such as 
pee and making. Sh available of alter 


forecast. 


Hurricanes. The curving path of a hi 
tornado originating in the tropics frequently 
forecast with some accuracy on the North | Amer 
continent; however, these occurrences are ve 
quent. The New England storm of September 


caused damage which warranted special investi ati 


+ 


cated as twice crossing main 220,000-volt routes in 


Figure 2. Route 20, east ot ie Springs, N. Yu, 
days after storm 


Ice one inch radial thickness and icicles 


Figure 3. 
recording ice de- 
posits on wires 
2  %—Number 2 steel- 
reinforced aluminum 
cable; storm—Janu- 
ary 1-3, 1939; weight 
—3.3 pounds per foot 
5  2—WNumber 10 copper 

wire; storm—Janu- 
6 ary 1-3, 1932; weight 
—1.75 pounds per foot 
3—336,400 - circular- 


INCHES 


a mil _ steel-reinforced 
aluminum cable; storm 
9 —March 1922; 
weight—3.17 pounds 
. et 10 per foot 
4—Number 13 iron wire; storm—Michigan; weight—0.45-0.70 pound 


_ per foot 
5—795,000-circular mil steel-reinforced aluminum cable; storm—December 
7 1942; weight—7.14 pounds per foot 
Fe Naumber 4/0 copper cable; 
; per foot 
These loads apply to Ontario unless otherwise noted 


Air-borne and marine traffic is rerouted, curtailed, and 
sometimes canceled on account of weather, but trans- 
mission works are always exposed, with the result that 
they generally are designed to carry the conductors, and 
a one-half-inch radial thickness of ice coating on them, 
together with a wind load equivalent to eight pounds 
per square foot on the cylinder. There are, of course, 
overload capacities in addition. 


There should -be available for design purposes an 
authentic record of the duration of and the areas covered 
by all winds in excess of 35 miles per hour along with 
coincident temperatures—in other words, an isoanemo- 
metric chart of lines recording the number of wind storms 
per year and their intensities. Some studies already have 
been made, the gaps in data having been filled in by 
estimations. The electrical societies are now arranging 

co-operatively for the dissemination of statistical informa- 
tion on the effect of wind upon operation and revenue. 


Magnetic Storms. There are only a few recorded 
instances of magnetic storms which charged long power- 
supply lines electrically so as to cause relay operation. 
However, the electrical industry is still young, and the 
forecasting of this type of storm may require more atten- 
tion in the future. The power-supply organizations are 
developing extensive communications of their own, cost- 
ing in some cases f ‘much as $1,000,000. This system 
is being set up in‘an effort to establish every type of 
auxiliary service which will tend to insure electric-power 
service. Such a telephone system, as well as the com- 


mercial communication systems, will need the fore- 


casting of magnetic storms. All such communication 
services almost invariably are affected seriously by 
these storms. Alerts and reroutes around forecast storm 
paths and areas are again the most available defense. 


Fog. Fog, mists, and damp periods at critical tem- 
peratures may be related to glaze deposits and also are a 
problem in themselves, especially after long, dry, or frosty 
periods. 
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storm—New York; weight—14 pounds 


Chart 


Fogs have an important bearmg on aviation. In 
tropical areas fog can now be forecast so successfully that 
the despatching of important commercial aviation services 
often is deferred or withheld, for the sake of the safety and 
comfort of passengers, because of forecasting of fogs over 
a long route by as much as 24 hours in advance. Fogs 
in temperate climates may not be forecast so readily. | 

The power utilities are interested in fog data, especially 
for the winter months, since during a period of cold 
weather there is an accumulation .of certain chemical 
particles or deposits which are attracted to or which form 
on the electrically charged surfaces of insulators, es- 
pecially in urban areas. As a result, when a fog or light 
rainfall is experienced at the end of a winter season, 
flashovers are likely to occur more frequently than at 
any other time except during lightning storms. 


Broadcasting of Forecasts. Meteorological stations in 
some instances already have forecast important storms, 


' especially those depositing ice, sufficiently in advance to — 


give time to reroute electric energy for the warming-up 
of the conductors; however, some machinery should be 
set up by which, under peace conditions, advance notice 
of storms will reach operating employees at remote 
stations. Featuring and popularizing forecasts of glaze 
and other storms in radio reports of weather as New 
Zealand did before this war and as the American military 
authorities are now doing, would assist materially. An 
employee, responsible for certain lines and services and 
having means at his disposal for keeping conductors 
warmer than usual for several hours by overloading who 


experienced an interruption, would be aided in his work 


Davison—Meteorological Service 


by advance radio or press reports that glaze troubles were 
imminent in the district. Once it is established that 
these forecasts are reasonably authentic and immediately 
available, it will not be long before every operator will 
become quite glaze-conscious and will make full use, 
through reroutes, alerts, and the like, of this information. 

There appears to be no end to the problems which 
develop out of weather stress with which the operators 
of electric utilities must cope and which forecasters could 
visualize. For instance, all the staff members of a power 
utility should be trained in taking precautions against 
stress of weather and in having all reserve and repaired 
equipment immediately available for service. Adequate 
broadcasting of authentic forecasts will make electrical 
repair, maintenance, and operating employees © more 
weather conscious. 


CLIMATOLOGICAL 


_ Floods, Precipitation, Runoff and Gauging Stations for Water 
Plows and Levels. There are available from the Weather 
Offices considerable data regarding precipitation, some of 
which are used regularly by industry. 

The gauging of streams, and like assemblies of weather 


data are arranged by or are now in charge of either those 


interested specifically in these water levels or of Govern- 
ment departments other than the Weather Bureau. There 
may be some duplication. Many students of meteor- 
ology believe that the possible effect of runoff and storage 
and level of ground water on climatic conditions should 
receive more careful consideration; however, for the 
purposes of hydroelectric utilities this branch of the work 
appears to be fairly well taken care of at the present time. 

The long-time forecasting of annual precipitation, 
extensive drought periods, the lowering of ground-water _ 
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levels, and the cyclic. nature of these variations, ‘if it can 


_be established, is important to everyone. interested. in. 


‘weather. Those interested in power utilities request 
further forecasting over long-time periods and thorough 
distribution of more authentic recordings. 


State power regulatory bodies are now using continuous: 


_ records of precipitation, as issued by the water resources 
_ branch of the United States Geological Survey, to the 


extent that they know at a given time the amount of snow 


» which is still to melt and to be added to estimated rainfall. 

Someone will say they have established ‘ ‘isobrecheous”’ 

charts and lines. These surveys, which indicate the 

depth of snow on the ground and its water content, are 
-used to estimate the probable water yield from snow 
‘cover during the ensuing spring runoff, and permit a 

_ forecast of the brane amount of water that ey, be 
stored. 


= _ The hydrometeorological section of the United: States: 


Weather Bureau, for three areas at least, has estimated 

the maximum possible - precipitation—a very important 
forecast and estimate for engineers in charge of new 
oe water-power developments. 

One of the earlier climatological researches which was 
axe eiide at the Experimental Farm at Ottawa was concerned 
_ with the extent, if any, to which agricultural soils are 
fertilized by snow water. This effect and an associated 


_ phenomenon—the effect which the absorption of losses due ~ 


4 
_’ tocorona and electric fields may have upon the surrounding 
’ air and on the soil when the resulting salts reach the earth— 


_ have never been reviewed thoroughly anywhere so far as 
All such information, in popularizing 

re weather forecasts and recordings, could be assembled : 
: nd distributed’ quite authoritatively by one organization. 
‘These data are frequently secured now for each water- 


patie. writer knows. 


shed by different interests with some possible duplica- 


_ tion—for instance, the same information might be secured 
by both the electric-power utilities and the foresters and 
Batinbenmien interested in spring log Aes 


_ Figure 4. Fioat- 
type water gauge 
and well in fore- 

bay gatehouse 
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_ Long- Time Records 
peratures as low as - 
reported in Northern Canada. 
minimum ioe le ge for which | 


designe poral for them: 

Charts recording the incidence and frequency of low 
temperatures in areas in which electric power is bei 2 
supplied should be kept up-to-date. The duration 
extent of those low temperatures associated with 
coverage determine frost depths, and most utiliti 
well as bashing sale need this information, F 


ies vain Reriseke areas, ie are set i ee 
ordinarily in an attempt to minimize the etree of 
distortion and strain. 


ey Ww 
on PATER Giese dad. naccmnbiien, an 
seminated both AC ane a we 


an eee of data shit fee baat res can ibe : 
under peace conditions, He records lin indica 
average number of days without killing frosts and 
like pei eatice: These and other as 


aoa to power-supply utilities Sad simi 
izations. 
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bans slave pte ae on fate veel Bi 
is not being done at the present time. oy 


Lightning Records—Incidence, Severity. and Types. 
Weather Bureau and other interests have as 
data by which isokeraunic lines have been Proj 
throughout the continent. These lines are te 
cepted as sufficiently authoritative, and it is 
some organization qualified to do so will un 
work of making available more authentic 
within the next ten years. These isokeraunic 
necessary as they are, always must be quite indetert 
because some reporters are disposed to record light 
if, on some summer evening, they see the reflecti 
lightning in some distant sky, whereas others ma‘ 
posed to report lightning only when it: strikes 1 


Utility Log Sheets; Co-operative Weather Recore 
Work. Records of temperature, wind 
general statements regarding the weather, as one 
routine reporting, reach the head offices of ue 


tilities from many generating and other stations where 
perators are called upon to record more specifically the 


lectrical conditions within a system These data could ~ 


e and are, in some instances, used by meteorologists; 
1ey should be reissued ultimately from the meteorological 
ffice as authoritative records over ten-year periods. 
.pparently some of these records now are telegraphed 
) headquarters in code, and short-time forecasts are 
eturned. 

STORM PATHS 


Little work has been done on storm paths, and there 
ppears to be much room for study. Of the available 
ecords, the more interesting features follow. 


Effects of Geological Faults and Changes of Geological Struc- 
ure. Small streams, sometimes flowing for a distance 
long geological faults or around the rim of a prehistoric 
x other tilted sedimentary basin, seem to account for 


nore lightning flashovers oh transmission routes which - 


ross these areas than might be expected. 

Very interesting studies have been made by French 

cientists on the interrelation of geological faults, normal 
ir-earth electric currents, and lightning incidence; how- 
ver, very little authoritative information has yet come 
rom these studies, and more authoritative data are needed. 
This subject is open for further study and investigation 
yy those who may have the time, opportunity, and interest 
op it. ; 
_ Engineers recently have outlined in the English technical 
sress local lightning experiences for which there does not 
ppear to be any explanation other than geological and 
aave been asking what effect geological formations and 
aults have on the incidence of lightning. 

Storm-Path Records in Germany. Storm paths have 
5een studied in Germany by Arendt and others, and some 
members of the meteorological services of the Reich 
comment favorably upon these efforts. If these reports 
can be relied upon, then it may be possible economically 
to lay out long transmission-line routes so that they will 
cross these major storm paths rather than parallel a 
concentration of them, wherever the terminals lie generally 
within a group of storm paths. 

Storm Paths in Ohio. Brancato has recorded lightning 
storm paths in Ohio, many of which are straight line as 
in Arendt’s work. Alexander has made 
similar studies some of which have not been published for 
that state. ij : 

Incidence of Flash Marks on Long Transmission Lines Varies 
With Geological Formation. Charts are available also 
which show the incidence of flashovers due to electric 
storms along a quite extended and important transmission 
route in Ontario; the incidence of these flashovers varies 


apparently with differing geological conditions. There - 


is an excessive accumulation of flash marks which would 
appear to substantiate the statement that 80 per cent of 
flashovers are concentrated in certain areas constituting 
only 20 per cent of the length of the route. Charting 
storm paths and defining storm areas are two quite im- 
portant items for operators of electric-supply systems, 
if the work by. Arendt and others can be substantiated 
in other areas. Seal’ 

Personnel. Throughout the Allied countries, young 


men are being trained intensively as metallurgical tech- 
nicians, as military store and equipment statisticians, and 
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Figure 5. Glaze storm in Illinois, December 17 and 18, 1924 


as expert weather forecasters. During the late 1930’s 


the Reich was giving young Nazis training to go abroad - 


to administer occupied countries. Great Britain at the 
present time is actively training carefully chosen young 
men to join the diplomatic services and to work as public- 
administration career men abroad just as soon as World 
War II is ended. : 


Today civil authorities might well select three or more 
students in each academic year who, by intensive study at 


home and abroad, could create weather recordings, 
services, and forecasts for and within electricity-supply 
and other like systems. In Southern California, em- 
ployees, trained initially under Major Krick and now 
possessing a master of science degree in meteorology, 
serve the utilities as load dispatchers. The application 
of meteorological knowledge is reported as effecting 
considerable savings. 

Some, who have studied this situation intensively, say 


that meteorological science, as it develops, will reach a © 


point where no government agency will be large enough 
to handle all individual requirements of business and 
industry—a point where individual meteorological counsel 
and advice would become so valuable in the conduct of 
many businesses that it would pay to employ meteoro- 
logical consultants. 


Weather Reports During Wartime. This review deals 
with postwar needs. Meanwhile, the supreme problem 
is the war—nothing else matters now in a relative sense. 
Distribution of forecasts and weather records during 
wartime, of course, is quite limited. However, there is 
no reason why we should not soon make greater con- 
trolled use, in the civil services and in business, of the 
great advances in forecasting for aeronautical combat 
that have been made during this fairly long war period. 
Weather knowledge, a very important tool in postwar 
planning, should be at work now. 

All this is in the nature of postwar planning; however, 
we should keep in mind the statement made recently by 
statesmen on this continent that postwar plans should be 
put into effect now. It is a matter of record that some 


countries are doing just that. Just now, weather in- 


formation is assembled in some countries by such services 


» 
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Figure 6. Recording equip- 
ment of diaphragm-type water 
gauge 


as the meteorological office (prewar), civil aviation, mili- 
tary aviation, and privately controlled sources. All these 
_. preseritly should be combined to provide one improved 
authoritative service for all demands. 


; Radio, Radar, and Electronics. Several eleveisdes to 
both popular and technical literature at the end of this 
article give some idea of the actual developments during 
wartime and of the postwar possibilities of radio and 
associated electronics in assembling weather, “data and in 
forecasting. 


—- Popularizing Forecasting and Climatology. The joint task 
of engineers and meteorologists should be the popularizing 
of weather information. Making weather-conscious a 
_ public who have learned to take weather as it comes is 
important. Vetter in ‘‘Visibility Unlimited” has tried 
te to popularize weather for airmen. He discusses new 


for the United States, and attempts to create weather- 
mindedness by pointing out what may be expected when 

observers find the temperature approaching the dew point. 
_ Thousands of active service men and women will return 

to civil life quite weather-conscious. Many of them 
of necessity have studied weather so intensively that with 
ie, future training they might assist in some Capacity, pro- 
fessional or otherwise, in meteorological undertakings 
which industry may initiate in the future. 

One electrical supply organization, according to a 
contributor, has developed the following course of instruc- 
tion for its operating staff. First, they review weather 
conditions prior to several more important sleet and glaze 
, storms during which they were inconvenienced, as a guide 
and indication of what might happen in the next storm. 
In this review, they indicate the very critical nature of 
glaze formation since during that period very minor 
changes of temperature within the conductor will tend 
Bato keep glaze off its surface. Means of preserving trans-° 
mission service once glaze has commenced to form on 
unheated objects are discussed, the principal procedures 
being short-circuiting and the use of higher-than-usual 
electric currents. They record, in their circular instruc- 
tions, those stations from which, by arrangements in 
advance, information on glaze formation can be secured, 
and they recite those system and intersystem agreements 
which already have been issued to facilitate glaze rejection 
and removal. 


Forecasts for Engineers, Utilities and Industry. There 
has been set up experimentally in one area a daily special 
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ments of the eee id ae will i an opp 
to discover how alosely to the engineers’ needs a qual 
forecaster can predict. Out of this co-operati 
there might develop a routine service for all ; 
sagen tT 


eh in the Chigees area. Routine fbreckas 
special co-operative nature have been made for electric- 


that a more pee service pas a se cee il rau 


made in Deaths 1943, sit showed the value of ta 
liaison work and also the need for grou industria 
cast specialists. 


_ What Can Electrical Utility Operators Do ‘thie We 
As previously stated, planning engineers and load 
patchers can lay out and file in a dispatcher’ s office s 
alterations of routine operation so as to create m 
factorily both intersystem and intrasystem defenc 
a hypothetical but typical storm or against sto: 
cast in only one part at a time of the area served. hi 
special operating setups can be used, for instance, 
glaze storm predicted as about to pass along a reco 
storm path down a river valley, or for thunderstor 
cast as being segregated during the early part of : 
the storm period to the other side of that lake. Son 
for planning. 
Once such a storm is definitely ees by 
meteorologists, the routine set up in advance can 
established by the dispatcher, along with other evide 
neces ey preparations listed as follows: 


1. Put everyone connected Sain the Secu on the alert, apa 
from whether they are on duty at that time or not. ' 


2. Return all equipment under repair to service with tempor 
connections. Do this even for a noon-hour period and alway 
a week end. ‘ 


3. Reroute commercial loads as promptly as Dp peeable ‘to 
temporary and inter-system setup that has been planned and 
experience, which offers, in the opinion of the dispatcher, the 
defense against the type of storm predicted. — cyt 


4. Recall or temporarily assign vacationing eae off-duty empk 
and like absentees to key positions or to strategically located resel 
pools. 

5. Man vemote-dantrel switches. 


6. Notify important and interested customers to stand by for 

adjustments without interruption of service, ang for the possibi 
eee | 

of accidental nterrupianss: 
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What Savings May Be Effected if Mitac Advantage 1 Is 
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sts, especially those on the Pacific Coast, have established’ : 
ibstantial savings for agriculturists who avoided expense 


1 account of what otherwise was an evident emergency 


ue to drought. It is also reported that one manufactur- 
ig Company saved approximately $10,000 annually by 
aking use of predicted minimum temperatures. There 
lay be opportunities of establishing similar savings within 
ectrical utilities in future, since costs of restoration of 
nes and works sometimes amount to millions of dollars. 
Il these restoration costs cannot be avoided by use of 
uthentic weather information; however, part of most 
oststorm expense, inconvenience, and hazard could be 
ed or avoided, as in the case of the agriculturists. 
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LOUIS RUTHENBURG 


ET US first define our terms. ‘Industrial research” 
is subject to pore than one interpretation, Bee so is 
“free enterprise.” 

In this discussion “research’’ will be used in its broadest 
aspect, without distinction between fundamental and 
applied research, between scientific and engineering 
research, or between research and technology. 

Not long ago I asked 
Charles F. Kettering to tell 
mewhat he thinks is the most 
important aspect of research 
under current conditions. — 
With characteristic sim- 
plicity and clarity, he said: 
“TI think there is one thing 
which has come out of the 
war that is most important 


search in industry, and that 
is the importance of having 
samples. Industry was able 
to turn over to war work | 
and get production going in a short time because 
samples were available.” Doctor Kettering pointed to 
the need for thorough understanding of the proced- 
ure of sample making as distinguished from the tech- 
niques of manufacturing or multiple production. He 
said that the process of making “samples” is akin to 
the creative art of writing a book or of composing music 
and that the process of manufacturing corresponds to 
printing books or to making phonograph records. With- 
out too much regard for technical distinctions among the 
various phases of research, let us think of research as all 
of the processes involved in the development of “‘samples”’ 
from which industry can make unlimited copies to meet 
_the unlimited needs of the people of the world. So much 
for our definition of research. 

Now let us take a look at “free enterprise,’ which, 

incidentally, is not included among the much-discussed, 
“Four Freedoms.” 
tive technique, which involves the selection and frequent 
repetition of words and phrases that do not necessarily 
create logical or even truthful impressions but have 
profound emotional effects upon the people who. hear and 
repeat them. : 

“Freedom from want and fear’? have strong emotional 
appeal. But these are not fundamental freedoms; they 
are objective and secondary. We cannot be endowed 
with them; we can only strive to attain them. , Without 

_fears and wants mankind would degenerate and perish. 
Such facts, however, do not diminish the emotional 
appeal of “freedom from want and fear.” 

There does seem to be one fundamental freedom which 
‘we gropingly attempt to define. It is not mentioned 
among the four freedoms. We hear a great deal about 
“free enterprise,” but a recent Gallup poll indicates that 


Essential substance of an address presented at the winter meeting of the Industrial 
Research Institute in Rye, N. Y., January 28, 1944. 
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only three out of ten people have a clear conceptio 


- for that fundamental intangible freedom for an , 


of a lot to me. 


Freedom of opportunity, inherent in the 
makings of the United States has fostered 
research and invention. 
which through industry have provided us 
with the highest material living standard of 
any country in the world, conserved our 
resources, and helped insure our national ~ 
future, should be applied equally to the 

- fields of political economy and jurisprudence, 

urges this author. ; 


when he said so simply?and so sramatically: = 


_ freedom is that it is the right of free men to work > 


Modern politicians use a very effec- 


and birth of invention. 


x 


what is meant by it. Perhaps there is a better expression 
are presumably fighting the greatest of all wars. 
the answers to the Gallup poll, one of the best came 1 
a truck driver in Oklahoma. He said: “It means a he 
I don’t believe in this stuff of telli 
h man what he can and 
‘ cee do The same sua 
‘was expressed years a 
more scholarly langua 
the late great S 
Court Justice Brandeis wh 
he said: ‘“The makers | ) 
Constitution .. . i) 
protect Americans in thei 
beliefs, their thoughts, t 
emotions, and their sensa 
tions.. They conferred 
against the Governme: 
right to be let alc 
the most comprehe: 


Research methods 


_ rights and the right most valued by civilized mi 1 


Patrick Henry defined freedom in no limited s 


gah or give me death.” ; 
Another definition for this intaiites anda a 


and when and for whom they please, without restr 
or penalty, so long as employer and employee a 
and the right to conduct a business as one sees fit so - 
as the operation of that business is not in conflic 
public interest. In brief, this freedom for - which 
fighting this greatest of all wars—the freedom thai 
supremacy to our country—this fifth freedom— 
of opportunity. I believe it is that inclusive fun 
freedom which we inadequately describe as “free 
prise,” ; 

INFLUENCE OF BASIC FREEDOM ON RESEARCH 

Freedom of opportunity was inherent in the genes 
the American Republic, which brought about conc 
almost miraculously favorable to conception, gesta 
The founding fathers freed 
countrymen from restrictive influences, bestowed 1 
them compelling incentives, and created an environ: 
conducive to’ effective co-operation on the part of 
elements in a complex society. Moreover, the Americ 
Revolution and the adoption of our Constitution 
almost exactly coincident with the great inventions 1 
gave birth to the Industrial Revolution. Among ofl 
great incentives for research and invention, the Cons 
tion of the’United States provides that Congress shall. 
the power “to promote the progress of science and 
useful arts... .” The first act of Congress, passed 
10), 17:90; pldoed the granting of patents. Thomas J 
son, as Secretary of State, personally examined 1 
petitions for patents. For many years patents wi 
signed by oS Presidents of the United Shh 


rred upon an ingenious, restless, resourceful people, and 
search, in the inclusive sense of our definition, grew 
yace. Inventions increased in geometric ratio. 
ictivity per unit of man power was in consequence 
ultiplied. ‘The American mass market developed ever 
creasing buying capacity through widespread distribu- 
on of the fruits of increased productive efficiency among 
msumers, workmen, and investors. Profits and savings 
ere reinvested freely to expand business and to exploit 
w inventions. Demand was stimulated and directed 
y increasingly effective salesmanship and advertising. 


1 consequence of such cumulative and co-operating © 


rces, the average citizen of the United States for many 
“ars has enjoyed the highest material living standards 

any citizen of any country at any time in AGS world’s 
story. : 


THE PROVING GROUND OF WAR 


In the terribly tense days that followed immediately 
ter Pearl Harbor a distinguished economist of German 
irth and international outlook made this prediction: 
History will record the achievement of American in- 
ustry as the outstanding miracle of the war.” Evidence 
nce accumulated has proved conclusively the soundness 
f Doctor Stolper’s assertion. After ten years of political 
eddling, restriction, and persecution of American busi- 


ess and without adequate prewar preparation, our 


Quntry now is producing war materials. unmatched in 
uantity and quality by those that the German war 
lachine is manufacturing after years of preparation 
nd the application of the utmost ‘effort of enslaved 
yuntries and individuals. 

‘American research had grown prodigiously in the 
iterval between the 1914 and 1939 phases of the World 


Jar. It is said that between 1920 and 1940 American 


\dustrial-research laboratories increased from about 
90 to more than 2,200, and the number of American 
search workers from 7,600 to over 70,000.1 Moreover, 
1e most effective organizational procedure, in traditional 
merican pattern, has brought the fruits of research into 
amediate and effective war use. The National Defense 
esearch Council, the National Academy of Science, the 
ational Research Council, the National Inventors 
ouncil, the several engineering societies, and—under the 
Var Production Board—the Offices of Sacniie Research 
od Development and of Production Research and 
evelopment, all have contributed directly toward the 
scomplishment of the “miracle”? which Doctor Stolper 
redicted in late 1941. The very recent award by the 
rdnance Department to the Society of Automotive 
ngineers is indicative of close, association and effective 
jlaboration between Governmental departments and 
ientific and technical societies. 

Yes, we had the “‘samples”’ 
industrial machinery from 


merica’s scientific and 


urposes of construction and the satisfaction of human — 


eds to those of destruction, and we had a century and 
half of intensive experience in acquiring the know-how 
> both research and production. We are beneficiaries 
* rich contributions given to our culture by the Eli 
Jhitneys, the Robert Fultons, the Samuel Morses, the 
lexander Graham Bells, the Cyrus McCormicks, the 
uPonts, the: Westinghouses, the Edisons, the Pupins, the 
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1 blessings ar opportunity and incentive were con- 
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~ own employees and stockholders. 


‘understood, moreover, that the business institution that R 


_ said: : “eee! & 
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when we were confronted | 
iddenly with the tremendous problem of converting 
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“ Heat Fords, the Coolidges, the cae the Millikans, 


the Ketterings; and thousands of their spiritual kinfolk. 


‘ Ingenuity, versatility, and adaptability are important 


a 


elements in our rich heritage of freedom of opportunity. 
The “samples” that were available to us for war purposes 
were not simply “‘samples”’ of minplanes and tanks and guns 
and munitions. There were “samples” of machine tools, 
dies, jigs and fixtures, techniques of processing, and tool 
design—innumerable “samples” available from the great — 
storehouses of knowledge and technique that have been 
filled by chemists, biologists, physicists, and technicians eh 
from thousands og laboratories and factories during the 


¥ 
age 


_ wo f 
“io <  e 


‘century and a half of our national existence. eee | £ 


Conder C. Henry, Assistant peep asrak a of Patents, 4 
said: 


“It is a matter for national thanksgiving that we not only pad, es 
available a vast storehouse of knowledge as represented by the tae 
2,275,079 patents which had been granted prior to Pearl Harbor, 4 4 
but also that our citizenry have been trained and are accustomed 
to invent.” BAL Ye 4 ae 


THE BENEFICIARIES OF RESEARCH ~ <4 | 


Our industrial heritage, stemming from and nurtured — 
by research, is serving our country well in its hour of FS 
greatest peril. That fact is immediate and dramatic. sha 
For many decades research has been making vitally im- — 
portant contributions to the American standard of living. or 
In the long view that fact, although less dramatic ie 
our march toward victory, is more significant in its im- 
plications for the future. It is significant that those deg 
industries which have engaged in extensive research are — 
the ones that have made the most generous contributions 
to the public good and incidentally to the welfare of their | ‘ ‘te 
There should be more — oe ; 
general understanding that research benefits the people. . 
of the nation and of the world in far greater degree than ‘AS 
it benefits the scientist or the inventer. It should be | 
multiplies and transmits the “sample” developed by" ae 
research serves principally as a mechanism of transmission 4 
between the inventer and the people’ and i is a beneficiary a: 
of research only in a secondary sense. 1a 

Michael Pupin’ S autobiography, “From Immigrant to’ a 
Inventor,” is one of the most inspiring books I have ever — 4 
read. Among his many important inventions was that 
of applying inductance to telephone circuits, which 
completely revolutionized the art of telephony. In com- a 
menting upon the value of that invention, Doctor Pupin x 


«A vice-president of the American Telephone and Telegraph — 
Company, who is a very high authority in telephony, informed me ins ‘i 
recently that one way to describe, roughly, the value of the invention 
is as follows: If during the past twenty-two years his company had _ ze 
been compelled to extend its network of conductors so as to give, ' - 
‘without employing my invention, the same service which it is giving 2 
today, it would have had to spend at least one hundred million 
dollars more than it has actually expended.’ But after quoting 
him I wish to call attention to a fact which the public often over- 
looks. I ask, where are those one hundred million dollars which 
the invention has saved? I know that not even a microscopic part __ 
of them is in the pockets of the inventor. I have figured out also, 
with the same accuracy with which I once figured out the invention, 
that those hundred million dollars are not in the pockets of the 
telephone company. They must be, therefore, in the pockets of 
the American public. The invention made it possible to give the 


é 


cars. 


gave the industry tremendous stimulation. 


x 


telephone service, which is now being given, at a Jower rate than © 


would have been possible if one hundred million dollars more had 
been spent. 
than 2t benefits the inventor or the corporation which exploits the invention. 
I certainly consider myself a public benefactor, and the National 
“Institute of Social Sciences called me so when it gave me a gold 
medal! almost as big as the full moon. 
made me much more happy if the Institute had at the same time 
given another gold medal to the American Telephone and Telegraph 
Company.” 2 


William -D. Coolidge, General Electric Company’s 
director of research, recently made the following comment: 


“It is not often possible to evaluate in dollars the benefit to the 


public from industrial research, but this lamp development lends 
itself to suggestive figures. It can be shown that, if the American 
public had had to produce with the lamps of 1900 the amount of 
light it actually used in 1942, the increased cost would have been 
approximately $4,000,000,000. Of course the public would not 
have spent that huge sum for light, but how great would have been 
the cost of inferior lighting in reduced safety and efficiency in our 
_war industries and in reduced comfort and convenience in our homes 
cannot be estimated. Neither can we estimate how far below its 
present magnitude and ‘efficiency would have been the electrical 
industry.”” 


Economists generally agree that the automobile in- 
dustry has been one of this country’s greatest creators of 
wealth. It has set in motion other great industries— 


_road building, the petroleum industry with its many 


ramifications, the great rubber industry—to name but 
afew. It has contributed importantly to the tax industry. 
It has been estimated that in the ’20’s the automobile and 


our working population. Intensive research has been 
characteristic of this modern group of American industries. 
An uninterrupted stream of inventions and results of 
research constantly has energized” and renewed these 
industries. 


A little more than 30 years ago Kettering contributed 
the electric starter. At that time the automobile industry 
was simply an interesting infant. Women did not drive 
There were no concrete roads nor low-priced closed 
bodies. The wealthy few who owned automobiles stored 
them during the winter months. The electric starter 
It multiplied 


the number of potential owners and drivers. Instead of 


being a facility available only to strong and venturesome 


men, the automobile became tractable in the hands of 
women and children. 


There followed rapid development of our great system 
of concrete roads, filling stations and service depots, low- 
priced closed bodies, constant increase in volume of 


' production with miraculous reductions in price, remark- 
In 1910 a good automobile © 


able improvements in tires. 
tire would give about 2,500 miles of road service and cost 
$25. Now a tire of the same size, but containing more 
rubber and capable of being driven at much higher 
speeds, usually gives between 15,000 and 30,000 miles of 
service and costs initially only half as much as its 1910 
predecessor. Synthetic rubber now promises to supersede 
natural rubber and to establish new high standards of 
service. 

Then came other revolutionary seta Gone were 
the old multiple coats of slow-drying paint and varnish 
before the advances of modern lacquer finishes. From 
the newly established General Motors Company research 
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But this gift would have — 


OL, ethyl gasoline. 


Every good invention benefits the public immeasurably more — 


_associated industries gave employment to ten per cent of © 


. 
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Tennessee which runs through Tennessee but drains all 48 sta 


- Corporation for their work in conservation. 


-lurgy have attended ‘the evolution of the motorca 


' been prodigious. 


. a | a as’ Sart) 
a a a: , cr e 


i a fas 


Ta oraiotiet came ” Welter e's 
From the ‘laborato es 0 
ara came new pees which ae 78. 


eouthines 


One gains perspective as ao considers the follo 
statement made by Dr. Robert E. Burk, of the cher 
research department of the Standard Oil Compal 
Ohio: 


“While speaking of gasoline, I should like to say something on 
ing and antiknocks. The work of William Burton and oth 
oil cracking and of the General Motors research staff and oth 
anti-knocks, has resulted in an ‘average increase of some ten pe’ 
in the power derived from a gallon of motor fuel at the present 
and has about doubled the yield of gasoline from crude oil. 
amounts to a gain of roughly a billion horsepower in this co 
alone. Now it seems that there is a remarkable river nam 


power which is derived from a body known as the Tennessee \ 
Authority. Without attempting to weigh the price agains 
glory of this authority, I have added up the approximate horsepo 
in the contemplated electric installations of all the TVA 
that is, Wilson Dam, Norris Dam, Wheeler Dam, Pickwick La 
Dam, Gunterville Dam, and Chickamauga Dam, and the s 
all these monuments is about 715, 400 horsepower. This is less t 
one tenth of one per cent of the horsepower gained from the 
knock and cracking research. _Moreover, I have never hear 
single politician eulogize William Burton or the General M 
In any case, we 
plainly be dammed in a big way if politicians try to equ. 
power-conservation feats of the chemist by jariciose the tho 
odd TVA’s which would be necessary.” } — 


Rapid developments in ferrous and nonferrous metal 


dustry. Modern alloy steels have contributed to imp 
structures, reduced weights, increased power, and 
costs. ‘The metallurgy of cutting edges has multi 
production and has contributed to iebhiconenia tim 

ments in machine tools. 7 


The motorcar industry has helped to bring many 
industries into existence, and also has caused the o 
of many older industries to be multiplied. - The list 
cludes, among many others, iron and steel,. fibers anc 
fabrics, plate glass and plastics. ‘a 

Examples of the great contributions that have - 
made to the people of the world through researc 
industry could be recounted endlessly. Developme: 
commercial chemicals and dyes in the past 25 years 
Great new industries have grown fi 
research devoted to synthetic fibers—rayon and nylor 
Volumes have been written about research in plastics a at 
their commercial possibilities. 

Research in the fields of radio and electronics alrea 
is bringing about revolutionary changes in our live am 
has contributed vitally important instruments to 0 
prosecution of the war. David Sarnoff, president 
Radio Corporation of America, said in a recent addr 


on land, at sea, and in the air. Bombers fly to their targe 
return to their bases with the aid of new radio devices. 


sate ti Gane States. now has nae paar a 
« ~ a L : ni 


ore eh 60 deatene iaeartans on the world map. Its Navy 
erates on the Seven Seas. Without instant reliable radio com- 
amication it would be impossible for these widespread forces to 
action as a unified war machine.” 


He spoke of the went new areas opened to science by 
e electron microscope with its range of 100,000 di- 
neters, the spectacular new industrial processes which 
mM oa applications of electron tubes, and nationwide 
levision as an early postwar probability. He concluded 
7 saying: 


have mentioned only a few of the promises of the future. There 
€many more. In each of them, science has written a promissory 
te, payable when the war is ended in terms of a fascinating new 
vilization in which life will be easier and more abundant, trans- 
tation swifter and more comfortable, and communication by 
und and sight a universal convenience.”’ 


Research is an important means of conserving our re- 
urces and insuring the future of America. F. Russell 
ichowsky, research engineer, says in the preface to his 
oklet, “Industrial Research:” 


[here are no new lands for America to exploit. It is probable 
at there are but few new mines and oil deposits yet to discover. 
here is left but one possible source of new wealth to replace the 


ealth lost in war. ‘This source of wealth is the discovery of new — 


oducts to manufacture and sell. It is on this source of wealth 
at we must depend now and in the future for the means to maintain 
1d raise cur standards of living. 


[t is from the research laboratory that this new Wealth must arise, 


has originated in the past the new wealth represented by the 
jtomobile industry; the radio industry; and the industries founded 
4 the movies, the electric lamp, the aeroplane, plastics, rayon, 
flon, Kodak, and hundreds of other new products. This wealth 
as never been fairly estimated but it probably represents well over 
yo hundred billion dollars.” _ 


Equally entrancing vistas are cpened to our view when 
e hear physicists, electrical scientists, chemists, medical- 
search men, refrigeration and air-conditioning research- 
s tell of the things that lie ahead. During the quarter 
sntury just passed, research has brought important new 
leans of refrigeration to the people of the world, and, 
; usual, people of the United States have been the major 
eneficiaries. For a long time we have taken abundant 
od supply as a matter of course—something like the air 
e breathe—that just happens. 
r countries have left us almost untouched. Only re- 
sntly have we heard of “food shortages” and “food 
itioning;” of these matters we shail hear far more in the 
ionths to come. 
roduction, food preservation, food preparation. 

In this country more than 17,000,000 gas and electric 
itomatic refrigerators, installed in American homes, 
mserve our food supplies. 
reservers is augmented by great cold-storage warehouses, 
y refrigerated freight cars, and by refrigerated ships, 
y frozen food lockers and by commercial plants for 
cocessing frozen foods. As we look forward to the post- 
ar days we realize that this art of controlling tempera- 
res at subnormal levels is only in its beginning, and that 


sw conveniences and new means of conservation will - 


slp to give increased employment to the workers of 
merica and new services to American homes. 

Air conditioning is only i in its swaddling clothes; facie 
ymes, particularly in our own blessed land, will be 
aintained at constant comfort levels through out the year. 
immer air conditioning will be no more unusual than 


INE 1944 


_ drawn, many essential “samples” 


Reports of famine in 


New importance now attaches to food 


This great battery of food » 
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central heating and modern plumbing. Already our 


engineers have installed residential all-year air-condition- 
ing plants from the Atlantic to the Pacific and New 
England to New Orleans. These plants bring about 
both summer cooling and winter heating from the same 
gas flame. Only the removal of war’s restrictions is re- 
quired to make such plants as ae available as modern 
gas-heating plants. 


Aircraft technology has Gated a tempo without prece- © 


dent under war pressures. To visualize the revolu- 
tionary effect of air transport one need only read editorial 
and advertising matter in our current magazines. That 
our minds fail to grasp the third-dimensional implications 
that characterize air transportation, is made clear when 
ne, studies current controversies about owe of the 
air.’ 


When the curtains which now, of necessity, conceal the 
work being done in our research laboratories, are with- 
for developing new 
industries and accelerating older industries will be dis- 
closed. 

Can ‘‘we, the people” insure a favorable environment 
for the full development and the maximum duplication 
of these “samples?” We can if we will, but rigorous 
thinking and decisive action are needed—not tomorrow— 
but today. “‘It is later than we think.” ; 


RESEARCH METHODS IN POLITICAL ECONOMY. , 


A profound and terribly disquieting change has taken 
place. 


So far this country has been too strong and too rich to 


Our people are increasingly willing to exchange 
freedom of opportunity for empty promises of security. 


‘ 
Yes, warfare forces technology to adopt a faster pace. _ 
After World War I many existing industries were greatly | 
accelerated, and great new industries came into existence. 


be overthrown by revolutionary socialism. Nevertheless, . 


we are the victims of insidious, encroaching socialism. 
We may as well face that fact and the corollary fact that, 
in the degree to which socialism, paternalistic government, 


and dictatorship advance, freedom of opportunity di- — 


miunishes. 


As we consider the current scene, we must avoid con- 
fusing symptoms with the underlying disease. Corruption 


_ of the courts, the ascendancy of demagogues and crackpots, 
the expansion of bureaucracy with its vagaries and stu- 


pidities, dictatorship are among the symptoms of national 
decadence. The psychological basis of our retrogression 
is clearly analyzed and projected by Henry C. Link in 
“The Rediscovery of Man:” “After centuries of painful 
progress toward freedom and democracy, the world is 
rapidly moving back into social slavery . 
does not just happen. It must be deserved . . . In the 
United States, which is moving in the same e* peneral 


direction, we can still observe the process by which the 
- people are being prepared.” 


In a book, entitled ‘Human Engineering or the Man- 
hood of Humanity,” written by Korzybski some years ago, 
it was pointed out that, whereas some human activities are 
based upon scientific method and thinking—‘rigorous 
thinking” Korzybski called it—many other human activi- 
ties stem from unscientific traditional thinking, or “‘specu- 
lative philosophy.” 

Korzybski developed the theme that activities growing 
out of scientific thinking and method tend to advance 
geometrically, whereas activities based upon traditional 
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. Such slavery | 


t “Sh f , f 


thinking, like political. economy and jurisprudence, 
From this hypothesis 


advance only in arithmetic ratio. 
' he developed the thought that lack of understanding and 


conflicts develop because the rapid advance of scientifically 


B acncrated projects outdistances advances in traditional 
fields with a consequent strain upon the social structure. 

_ Having learned to apply the methods of scientific research 
successfully in so many fields of human endeavor, why 
should we not use similar methods to accelerate advance- 
ment in other fields equally important to human welfare? 
What of taxation, for example? Someone recently said 

that’ if one of Hitler’s cleverest agents had devised the 

_ Federal taxes of the United States solely for the purpose of 


accomplishing Hitler’s aims he could have done nothing - 


more effective than has already been done by our own 
legislators. a 

In the spring of 1939 I had the privilege of addressing 
the Congressional delegation from Indiana on the subject 


rn 


of “Business Taxes,” and I presented this thought, which 


wes not pew I quote from the Congressional Record: 
Ps) 


ee: 


eae Would it not be a measure of con- 


too idealistic for realization. 


_ mendations in tax matters to the Congress within the control of a 
well qualified permanent nonpartisan board, which would approach 


a 


measures with an objective long-range constructive viewpoint, 
calculated gradually to bring order out of chaos and to develop a 


maximum revenue and to avoid undue restriction of those activities 
___ which are essential to develop increasing national income?” 

ve, » 

In the third supplement to Fortune of December 1942, 
ue _the following significant comments on taxes are found: 


“In the final analysis, it is the elusive giant, confidence, that chiefly 


iit _ influences, if it does not control, the birth rate and expansion rate 
- 4 of business... No policy i is potentially r more dangerous for economic 
= _iife or death than taxation.” . 


Then aes this Nivedstitn: 
Bi «: } 
“But when the first big postwar tax bills are written, piecemeal 
ah ee = a . fj =f ; ; 

__ reforms will not suffice to serve the needs of an expanding economy. 


_ What will be needed is a complete and uninhibited overhaul of the 


f * whole structure, starting from the basic question of what a federal — 


"i tax system is for. To this end a nonpartisan commission of experts, 
both government and private, should be set up, along the lines of a 

British Royal Commission or our own Baruch Rubber Committee. 
eo Tts personnel should command general confidence, so that its report 
% 4 and recommendations will have weight with Congress. It should 


and then lay down the lines along which a good one must be drawn. 


i Tt addition, as proposed i in a resolution offered by Representative ~ 


* Coffee (Washington), the Commission should Peay: state and local 
‘tax systems, eee ways to integrate all three.” au 


s EAEnhe importance of such procedure with respect to 


taxes, which at best must continue for many years at 


Pextretaely high levels and which for that reason, if for no 
other, should be planned so as to produce maximum 
revenues with the least restrictive effect upon tax sources, 
is underlined by the vast confusion and delay that have 
attended recent deliberations and controversies in tax 

matters between the Congress and the Administration. 
In the less complex but much debated field of patent 


practices, President Roosevelt has established a healthy — 


precedent which may have far-reaching effect in our 
political economy. A distinguished “nonpartisan group 
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re final suggestion for long-range planning is made which may be : 


_ structive statesmanship to place tax planning and specific recom- 


_ the Senate ayy committee gt various 

_. philosophers” n 
“Jt would not be ante eas to 
: pu sie or in kat gc es 


my our present confused inefficient self-defeating aggregation of tax 


-—careflly correlated tax program, scientifically planned to produce ~ 


; bese in. ities coc a i 


-couraging example of seo 


Cie 


start with the assumption that we have no federal tax system at all, | elaborate bureaucratic control, and destruction. 


and re-employment by an expanding | 


V aoe «| op OP SS een 
2 — “a 


Davis, president of the Federa 
ihe rancis rea eae a m1 


Electric codes G A. Poe: ‘deat of 


_ Purdue epee is executive deer ee ths ( 
sion. 


prompt niilizani®a for the? ares ae > oH 
is a group to “command general confidence, 
report and recommendations will have 
Congress.” 

The Commission’s first report was made - 
After face-to-face discussion of its recom: 


tions. iit contrast to the political persifiage p prese 


cee, 


The National Patent pikes Commis ior 


to affairs of peaheinsie: 


“The eae Conia inon is sen 
profound and beneficial influence of the existing 
pater Been upon our ‘national ya proper 


ienisleaon wists will mea 4 its. deficie e 
its scope of service. Proponents of the Kilgore , 
the other extreme, disregard all historical facts 
spect to research and patents; sets forth - cer 
and indefensible promises; and propose so 


es with ea to Tepetce ea baka 


mid Chea deen ne. Kilgore - Bill Pie 
tions at length in a well-documented brochur 
October 15, 1943. Vannevar Bush’s letter to § 
Kilgore,? and Frank B. Jewett’s address, “The : 
of Technology,” also deal with this subject. 


Liquidating billions of dollars worth of war c 


may not be delayed unduly is another 
a well-qualified commission. Restoring 1 the flo 
which long ago ceased to be available in sul 
to provide for an expanding economy is a: 
which must be solved if America is to continu 
march toward full employment and an 


fete also is an opportunity to use the nonpartisan act! 
inding technique applied by men whose abilities and 
‘eputations are above question. The research division 
of the Committee for Economic Development, may be 
sxpected to contribute to the solution of these and kindred 
problems of magnitude beyond all earlier experience, 
Sut of importance so vital that we dare not delay aggres- 
sive and comprehensive approach to their solutions. 

The Administration has established significant prece- 


dents in the Baruch Committee report on rubber and | 


in the Patent Planning Commission. Business leadership 
is using sound research techniques in the operations of the 
Committee for Economic Development, and in those of 
many other groups who recognize and propose to deal 
realistically with postwar problems. All thinking people 
of the United States must support the application of the 
research method to vitally important problems where 
scientific apprgach heretofore has been nepal lacking. 


} 


QUO VADIS? 


The people of the United States have received in- 
calculable material benefits from research which is in- 


digenous to the fertile soil of American free enterprise. 


Our generation now witnesses the dangerous erosion of that 


soil and rapid depletion of its fertility. . To win this great- 
est of all wars after paying the hideous price in terms of © 


life, human wreckage, natural resources, and other forms 


Radio in. -“Ayiation 


CHARLES I. ee ON 


ADIO and communications occupy an hak ote 


important role in all. considerations of postwar 
flying problems. The development of low-cost aircraft 


radio equipment is vital to the growth of private flying, 


but radio and communications are particularly crucial 
to commercial aviation. In fact, satisfactory control of 
the increased commercial traffic expected after the war 
will be impossible without improved radio and com- 
munications equipment. The alternative would seem to 
be to reschedule air-carrier traffic in the interest of 
safety, and, indeed, this has been done to a limited 
extent at times. 

& Uhe magnitude of this problem can ae appreciated 
when it is realized that aircraft movements handled by 
Civil Aeronautics Administration traffic-control centers 
increased from about 25,000 a month in 1938 to more 
than a million a month in 1943, a 40-fold increase in 
five years. Part of this increase resulted from the creation 
of 15 additional control centers, but with 23 now in 
Operation the United States is believed to be divided into 
smallest areas practicable for ruin ie. pene which 


Bisential substance of an address presented Berore the communication group of the 
AIEE New York Section at a joint meeting of the Section and the New York section 
of the Institute of Radio Engineers in N ow York, N. Y., February 24, 1944. 


Charles I. Stanton is administrator of sith aeronautics, Civil Aeronautics Adminis- 
tration, Washington, D. C 


June 1944 
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of material wealth and then to lose the fundamental free- 
dom of opportunity would be a terrible tragedy. The 
human race, despite its consistently suicidal proclivities 


so far has been preserved by the operation of immutable 


laws which were established in the beginning by the 
Designer of the Universe. If such laws were amenable 
to modification or repeal, our remote ancestors would have 
“perished from the earth” long before Americans engaged 
in experimentation with SBOverOInGnE of the people, by 
the people, for the people.” 

The tragic loss of fundamental freedom may be post- 
poned by the operation of the immutable law of action 
and reaction, but the nation can be made permanently 


in the fundamental ideals upon which our culture has been 
built. As a reunited people we must experience a rebirth - 
of the integrity, the moral and spiritual values, and the 


’ 


safe only by the redirected effective education of its people 


4 


B 


é 
j 


willingness to participate in government that ape and 


animated the founding fathers. 
“Tt is later than we think.” 


7 
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A pioneer in the application of facie tonsa! ta 


aviation and long closely concerned with 
radio as a factor in building and operating 


airways in the United States, the author 


reviews the latest applications of radio to 


the operation of commercial air lines in this = 


article, and predicts a great need for low- 

cost radio equipment in the many privately 

operated airplanes that may be expected in 
postwar years. 


. 


moves, usually, at about 180 miles an hour. Nevertheless, 
every indication points to a further increase. This in-— 
crease was foreseen during the years just before the war, 
and several steps were initiated to take care of it, but 
war-dictated priorities halted action on many of the plans. 


IMPROVEMENTS IN RADIO RANGES 


In 1941 there was begun what was intended to be a 
five-year program for shifting radio ranges over to ultra- 


high frequency. The principal limitations upon the use 


of the present type of range are: crowded condition of © 
the 200- to 400-kilocycle frequency band; susceptibility 
of the stations operating on frequencies in this band to 
interference over long distances; night effect or signal dis- 
tortions resulting from reflections from the ionosphere; 
vagaries resulting from distortion of the radiation pattern 
by the effect of irregular terrain; high degree of inter- 
ference from atmospheric static; and precipitation static. 
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and dit dit dah, respectively) with 1 :020-cycle angig tone 
~ modulation. 


The antenna system of the WlisaWiehtfrequeces range 


44 


Present radio-range frequency assignments are spaced 
only three kilocycles apart, and it is necessary to operate 
a number of stations on each available frequency, relying 
upon geographical separation to limit interference. A 


saturation point has already been reached, and few if 
_ any low frequencies are available for future expansion 


of the range system. 
To overcome the limitations of the low-frequency 


ranges and provide for future expansion of the airways — 


system, the CAA for several years has been engaged in 


the development of an ultrahigh-frequency radio range 


to operate in the frequency band from 119 to 126 mega- 
cycles. At these frequencies, interference from atmos- 
pheric and precipitation static is practically nonexistent, 
and interference between stations on the same frequency 
will not occur, at practical flying altitudes, provided 
their geographical separation is 200 miles or more. 

The ultrahigh-frequency range developed by the CAA 
operates on a somewhat different principle from the low- 
frequency ranges, and provides one pair of courses indi- 


cated visually in the aircraft by a zero-center left-right 


indicator; and another pair of courses at right angles to 
the ‘visual courses, which are indicated by interlocked 
keying of the Morse code characters D and U (dah dit dit 


is in general similar to that of the low-frequency range 
except that its physical size is very much smaller while 
the electrical spacing of the radiating elements in terms 
of the operating wave length is very much greater. The 
five radiating elements may be either horizontal loops or 
vertical rods, depending upon whether horizontal or 


vertical: polarization is desired. One pair of diagonally 
opposite corner radiators and the center radiator consti- 


tute a complete two-course range antenna, so that the 
two pairs of diagonally opposite radiators form two two- 
course range antenna systems independent of each other 
except for the common center element. The antennas of 


the pair radiating the signals that register on the visual — 


indicator are excited 180 degrees out of phase by side- 
band energy arising from modulation of the carrier fre- 
quency by 90 cycles and 150 cycles simultaneously, but 
from which the carrier frequency itself has been sup- 


pressed. The center element radiates the carrier fre- 
quency plus also 90-cycle and 150-cycle side bands. 


The 
side-band energy radiated from the center element com- 


- bines vectorially with the radiation from the corner 


(dit dit dah) into the other. 


elements to produce a field pattern resembling two 
cardioids with axes extending in opposite directions 
along the line of radiators, and two points of intersection 
directly at right angles to the line of radiators. In one 


of these cardioid patterns the 90-cycle modulation pre-. 


dominates, in the other the 150-cycle modulation, while 
at the points of intersection both modulations are equal. 
Thus, the line of intersections defines a course with 
modulation at 90 cycles greater on the one side and with 
modulation at 150 cycles greater on the other side. 

The other pair of radiators produces aural courses at 
right angles to the visual courses in exactly the same 
way, except that a single modulation-tone frequency, 
1,020 cycles, is used and the courses are defined by 
keying a D (dah dit dit) into one cardioid and a U 


to both systems must radiate the carrier frequency and 
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all of the side nea required to 
- directional patterns in combination 


heard in two opposite quadrants. 


than two bidirectional patterns. 


-moved from domestic service and installed elsew: 
use of the military ‘air forces. 


- equipped aircraft to make instrument approaches i in 


The center antenna common — 
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from the corner antennas. __ , 
The aircraft receiver for use cute the 1 
quency range is of conventional design, It 
independent output circuits: one for the frequen: 
90 and 150 cycles which actuate the visual me 
the other for the tone frequency and speech. 
and 150-cycle frequencies are separated by twe 
pass filters. The outputs of the filter sections are r 
and the resulting direct voltages are applied in op 
to the zero-center meter so that it deflects to one side 
the other depending upon whether the 90-cycle 
150-cycle signal is the stronger. oe ; a 
The, two- eae and two-course-visual 


In the four-course range, the same “‘off course”’ | 
When a pilot 
pletely lost and must Ss ee a four-course ran 


courses are “banaed by four viiidinpolicetel panera 
In this, too, the cou 
indications are produced by varying modulatio 
in the field about the station while the carrier 
radiated in a circular pattern and does not vary 
azimuth. It is thus ages to use automatic ve 


fading and aaeee ie gual ET 
without affecting the definition of the courses. 
Ultrahigh frequency ranges were satisfactorily 8 
tested on the Chicago-New York airway in 194: 
entry into war made it impossible to proceed with 
to convert the entire airways system. In fact, about 
per cent of the ranges of the existing type had to ) 


The range equipmen 
Evansville, Ind., for example, was relocated on Ascen 
Island, to anaes fliers across the South 0eate 


OTHER ULTRAHIGH-FREQUENCY APPLICATION 


Ultrahigh frequencies will have other applications 
the airway system. Airport traffic-control towers 
operate in this band, as will the instrument landing ae 
at airports. ‘ 

The CAA, in co-operation with the War Deparean 
is installing at more than 100 airports ultrahigh-frequen 
radio transmitting equipment designed to permit prope 


* ey eyes 


low co at and visibilities—or even pee in co 


By nifcratt are so equipped. 

-A complete instrument landing system- consists. 
tially of four separate transmitting stations locatec 
near the pels ~ These four elements are kn 


woes and (4) the outer marker. A vniddle marker is 
being installed at some airports. ’ Although any number 
of markers may be uséd, two are usually sufficient. — ; 

The localizer provides a very accurate lateral gui 
so that approaching aircraft can maintain a heading 
will lead = over the center of the nua ‘The | gli 
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path provities varteal duitdarice enabling the aircraft. to 
maintain the proper rate of descent. 
vide reference points or “fixes”? along the approach paths, 
which permit pilots to verify their positions and altitudes. 
No glide path is included in current installations be- 


cause equipment is not available, but equipment is ex- 


pected to be installed as soon as it is available. ‘ 

Use of the localizer and markers alone permits instru- 
ment approaches under weather conditions much less 
favorable than those now required. Thus, approaches 
to an airport with 100-foot ceiling and one-fourth-mile 
visibility will become feasible, whereas present minimums 
are 400-foot ceiling and one-mile visibility. 

The localizer is basically a two-course ~adio range 
Operating at ultrahigh frequencies. A linear array of 
horizontal loops is placed at right angles to the axis of 
the runway and radiates what amounts to two space 
patterns. These patterns represent modulation of the 
same carrier at 90 cycles and at 150 cycles. The signals 
are rectified and separated in the aircraft receiver, and 
the two resulting direct voltages are applied to a mene 


left indicator which indicates the difference between 


these voltages. The two patterns cross only at the two 
points where the two signals are equal in amplitude. 

_ Along these two directions, eS are ae degrees 
apart, the indicator shows zero or “‘on-course.’ Along 
any other direction the amplitudes of the patterns are 
different and the needle moves to the right or left, de- 
pending upon which of the two signals predominates. 


The rate at which the ratio of the amplitudes of the two — 


es ae from unity, as the azimuth changes from 
**on-course,’’ determines the so-called ‘ aE aEn ESS. of the 
course. 

_ The: aircraft receiving apparatus consists of a small 
marker receiver and a localizer receiver. The output of 
the former is fed into three filters, each of which controls 
a pilot light. Thus, if the modulation happens to be 
400 cycles the corresponding filter functions to close the 
power circuit to its pilot light. 
knows which marker is being received. 

To receive the horizontally polarized localizer signal, 
either a horizontal loop or a horizontal receiving antenna 
is placed on the airplane above the fuselage. The latter 
is a pair of elements approximately one-fourth wave length 
long, grounded at the junction point. The line is tapped 
on either side of this junction to obtain an approximate 
Batch of impedances. _ : < 


AIR TRAFFIC CONTROL 


| Ultrahigh-frequency radio ranges, airport-control-tower 
Sominunications, and instrument landing systems are only 
a part of the answer to postwar traffic increases. Air 


traffic control already has been discussed in a previous 


article (EE, April °44, pp. 119-25). 

_ One bottleneck in the air-traffic-control system is iss 
means of posting flight information at the centers. At 
present, data concerning the progress of each plane are 
written on slips of paper and placed in slots on a board, 
an entirely manual operation. ‘It is slow at best, and when 
traffic is heavy, the job of posting the slips causes the 
board to be obscured too large a portion of the time. 
Introduction at the earliest possible moment of elec- 
trically operated boards, on which flight data are posted 
automatically, is proposed. This plan has been tried 
successfully at Washington National Airport and will be 
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The markers pro- | 


. the United States, most of them privately owned; 
_ inevitable that many of these will be equipped with radio. 


By this means the pilot 


frequencies, with a direction-finding attachment. 
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installed in the busiest centers as soon as funds are made 


available and the equipment produced. 


Although there has been a forced wait for improved 
equipment, the war has not slowed down attempts to 
improve procedures. Approach control is one of the 


more important innovations being developed. Up to 


now it has been customary for a plane approaching an 
airport to maintain contact with the control tower only 
indirectly, through an airline or military radio station, 
becoming subject to airport-tower control. only when it 


came in sight of the field. Under the approach control — i 


system, the controller takes over when the plane comes 
within 15 miles. This makes possible landings only 5 
minutes apart in instrument-approach weather, as com- 
pared with 15-minute separation under conventional 
methods. This system is in operation at Atlanta, Ga., 
Kansas City, Mo., and San Diego, Calif., and is being 
extended as rapidly as possible, subject to the approval 
of the chief users of each airport. 


PRIVATE PLANES FOR POSTWAR FLYING. . 


Thus far radio and communications have been discussed 


_ primarily as they affect commercial air transportation. 


Today, of course, commercial and military planes are the © 
chief users of these facilities. In the postwar decade, how- — | 
ever, there may be as many as 500,000 civil airplanes in 
if ita 


First, the private flier will want radio to make his 
flying simpler and safer. The radio compass, which makes 
it possible for a plane to fly straight toward the station to 
which it is tuned, will probably be standard factory equip- — 
ment, except on the lowest-priced planes and on training 


planes that stay near the airports on which they are 


based. Experienced pilots all know how easy it is for 
beginners to get lost in the air, and radio can be the most 
valuable of all flying aids, both to the new as well as the 
veteran pilot. 

- Perhaps most important, the private flier will need and 
demand radio for his use in obtaining weather informa- 
tion. There can be no safety in widespread private flying 
without rapid transmission of weather information to 
planes in flight. Hence the private owner’s radio equip- 
ment probably will be a receiver operating on ultrahigh 
In 
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quantity production, such equipment should sell for a _ 


modest price. At least one company is prepared to pro- 
duce the receiver alone for less than $30. For com- 
munication, many private owners will want a transmitter 
operating on a high frequency for communication with 
airport towers and CAA stations. ‘This transmitter should 
cost not more than $50 on a mass-production basis, and 
a complete installation might cost $150 on the same basis. 

This article has been confined to the radio and electrical 
developments in prospect for aviation during the imme- 
diate future. These, of course, are mild in comparison to 
what may be expected when the electronic devices being 
used in this war are adapted to peace-time needs. But 


- that will involve a long-range program of development, 
‘and will not, as many laymen believe, happen overnight. 


The CAA hopes to work on this, in co-operation with’ the 
research departments of private industry and universities, 
as soon as war conditions permit. In the meantime, 
however, effort is being concentrated on solving today’ 8 
problems with today’s means. 
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_ needs come into being for solution. 


: a “contribution for war. 
he will be on the firing line of engineering dontiburicat 
efor (peace. )' > 


outside, 
city, 
all come to us from the en- 


on the farms, the roads, the 


the mines, have all come to us from the engineer. 


‘XODAY the engineer is working. under enormous 
pressure due to the keenness of the competition of 


the war, competition the like of which there has never 
been before. 


The war production is everywhere re- 
As he solves urgent needs, newer 
On the day the war 
__ ends, the engineer will be on the firing line of engineering 
And the day after the war ends, 


quiring his services. 


One thing is certain in the postwar world—the engineer 


will continue in his present role to unearth new knowledge 
_ and to produce new things, 


And by engineer, I mean 
scientist and engineer. Also, the engineer will continue 


in his present role to improve present | pings: 


_characteristics define the engineer. 


_ Everything we’ have comes to us from ue engineer. — 


| This paper from which you 
are reading, the press on 
which it was printed, the 
transportation whichbrought 


it, all came to us from the 
engineer. The house in 
which you are, the furnish- 
ings, the lights, the street 
the bridges, the 
tunnels, the buildings of the 
the telephones, the 
telegraph, the movies, have 


gineer. The farm equipment 


automobile, the radio, the 
airplane, electric power for 
the home, electric power 
for industry, the processes of industry, the metals from 
The 
tanks, guns, planes, ships, and ammunition of our pres- 
ent war production have all been brought into being 
by the engineer. 

The opportunities for all people to work have come 
to us from the engineer. 
to work in the future will come to us from the engineer. 

The engineer works. He works to bring new things 
into existence. He works to bring into being the first 
of all of the things which we have. 
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them into useful articles. 
: working men and women of the land. And he liy 
them in appreciation of their contributions and _ 


trade is nature’s laws. 


These. 


This arrieles second in a series discussing the 
general subject, is devoted to determining 
the probable part the engineer will play in 
the postwar world. As in the past, the 
engineer is expected to expand and apply 
knowledge for the benefit of all. Beyond 
this, however, is the question of the control 
by the engineer of the uses to which his 
products may be put, in order to insure that 
they are used for good and not for evil. 
Because of his knowledge, professional posi- 
tion, and the strength of engineering socie- 
ties, the engineer should take an active 
part in guidance toward a wholesome life. 


The opportunities for all people — 


He works to fashion — 
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He works together : 


pendence upon them as they have dependenc 
At the same time, in his. daily work the e: 
individualist. His workshop is nature. Hi 
His tools are the s 
output is the first one of new things. He 
to the continued Ciig? of Ae sees 


jobs there are. 
limited only by his ability,” ee serves with 
neers, often times with many, yet he retains his | n 
vidualism in engineering contribution. _ 

This is the engineer as he has been, is, and 
Recently newspapers published the account of the 
of Leo Hendrick Baekeland, chemist and « 
engineer. He im 
Velox in 1899; pict 
yourself the extent 


"Gl “a 
Sa 


word as it include 
the thousands “fro 


~ 


ae I 
Herald Tribune, 

24, 1944). Or recal 
engineering contributions of Edison, of 
Westinghouse, of Goethals, of Hammond, 
and of a host of others that you know, and if the 
record of all engineers could be written, it w« 
record of services rendered to their fellowmen by tho 
and thousands and thousands of engineers, all to 


An address presented at a conference on ‘*The Hacncens in the Postwar W 
March 4, 1944, in New York, N. Y., under sponsorship of the Research rea 
Postwar Economics and its co-operating institutions. 


Everett S.- Lee is engineer, general engineering laboratory, General Electric C . 
pany, Schenectady, N. Y., and is currently chairman of Engineers’ Council for. 
fessional Development. ; wr 
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a ar ed Soba: Toa a llaiie for hele use the mani- 
id wonders of nature. : ; 


"SIGNIFICANT CONTRIBUTIONS OF ENGINEERING 
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Most significant to our way of life has been the provi- 


ence of the fruition of engineering contributions in these © 


utter days. | When a reflected radio signal was first 
bserved i in the United States Naval Research Labora- 
ory some years ago, engineering and scientific skill, 
bility, perseverance, and hard work put together with 
ngineering ability in other fields enabled the British 
ater to put up a protective curtain to keep the enemy 
rom Britain after he had overrun France, producing a 
ower which preserved the very principles which were 
ts foundation. May there be a recognition of this fact. 
Or, when several years ago Russia came to American 
ndustry to obtain American engineering understanding 
nd technique, the engineering books of industry were 
pened to the Russians, engineering knowledge was im- 
arted, engineering know-how was provided in person 
n B cicsin by Hugh Cooper and many others, and today 
he result of that imparted and inspired engineering 
bility propelled by intense application, perseverance, 
md hard work by the Russians has built up again a power 
vhich has preserved the very principles which were its 
oundation. May there be a recognition of this fact. 
Or, when Marvin Camras, young engineering student 
it the Armour Institute of Technology just a few years 
gO, brought to the science of recording sound on wire 


| Mew concept to give greater fidelity and which has. 


ince enabled information of the enemy to be recorded 
rom the air for the services, here was a classic example of 
| young man on the firing line of engineering knowledge, 


riving of his ability to produce a new and useful result, 


ypical of what is going on in the lives of thousands of 


yur young engineers who are today contributing in their | 


arly years to engineering and scientific advance as no 
me else can do. In our young engineering manhood 
ur future is secure that there will be continued contri- 
yution just as it always has been and just as it always will 
ye. May there be a recognition of this fact. 

The position of this young engineering manhood is 
yeing sacrificed however.. War is ruthless. When the 
resident of the United States called upon us all to 
nake our country an arsenal of democracy, there was 
mmediate action and we witnessed the acceleration into 
yeing of the greatest production output the world has 
nown and in the shortest time: The basis of this was 
he engineer. As the engineer had permeated the 
yroduction for peace, so he permeated the production 
or war. And the source of this engineering bulwark 


vas the young engineers trained in the colleges of our — 


and entering the profession each year at the increasing 
ate necessary to maintain the engineering output required 
yy our country in time of peace. This annual inflow to 


\merican engineering talent, ability, and understanding, 


lad grown to 15,000 engineering graduates in each year. 
Today the number available to American engineering 
yutside of the services is practically zero. 

As the engineer faces this situation which has been 
orced upon him even as he pleaded against it, we can 
nly trust that the sacrifice which has had to he made 
3 recognized by those in high places that it will not have 
o be extended and that just as soon as possible the lost 
Bonnd can be regained. 
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THE POSTWAR POSITION. 


~The position of the engineer in the postwar world is 


secure as regards the fact that he will continue to produce. 
But the larger question is, what will the people do with 
the products of the engineer? 


What the engineer pro~ 
duces can be used for good or for evil. If he, fearmgits 
use for evil, does not produce it, neither is it available for 
good. Thus he produces it, and the people who use it 
must learn to use it for good. ‘The motives of the engineer ae 


are for good, for to use the laws of nature he must be 


honest and in using the laws of nature he just naturally __ 
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» And in these places of engineering accomplishment the 


promote efforts to attain high professional standards of — a2. 


The two are much the same, practically identical. ve 


is honest. 
products. 
travail. 


And he expects honesty in the use of his 
And where there is not honesty, tists will be 


ee 
in 


As the engineer has worked he has associated himself — 
with other engineers of his calling to build the professional — 
engineering societies of the land—active, virile organiza- — 
tions of strength where together with his fellow engineers 
he may present to the world the record of what he has ac- _ 
complished. And as these societies have grown in their — 
individual strength, the profession has come into being. | 
They are the profession. 


In the engineering societies are engineers <heen every 
abode of engineering endeavor—from every industry ifann 
the land; from the large company; from the smal 
company; from every utility; from the transportation 
systems of the country; from the schools and colleges; 
from government, municipal, state, national; from private © ‘) 
practice; from the countries of the world; from Ne 
where. 


engineer is found in every position. 


There are the young 
college graduates entering the profession to accept their — 4, 


i 
4 
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initial responsibilities, the junior engineers active and | 
progressive, the senior engineers of experience, the chief © 
engineer, the president, the chairman of the board. In 
every place of life the engineer will be found, and his 
contribution to society thus goes beyond the tecnica 
into the administrative with broad responsibilities for r 7 
human welfare. And these have been reflected in his a. 
professional society life. 


There is the urge to make these even more prominent. ’ 
Some 11 years ago there was founded the Engineers” or: 
Council for Professional, Development to co-ordinate and 
education and practice, greater solidarity of the engi- 
neering profession, and greater effectiveness in dealing — 
with technical,«economic, and social problems. Much 
for good has been accomplished. There is still much to 
be done. 

But by and large the engineer’s contributions are to the oe 
technical, and from these there has resulted a massive __ 


monument of accomplishment; a foundation, structure, As 
and superstructure of achievement; a wealth of things Me 
for the people to use. To this picture we return again 
and again; it is so prominent. ~ 


And as we consider it, we see most prominently dis- 
played an equal picture as we look into the postwar world + 
with all the peoples of the world producing and wanting - 
and needing these things. What the engineer would ac- 
complish in the solution of his problems beyond the 
technical, so the world would accomplish in keeping the 
peace for which so great a struggle is now in progress. 


\ 


219 


With all the planning of the present time for the postwar 
world, in whatever phase, there is recognition that where | 
war is tangible in objective, peace is intangible in objective; 


therefore much more difficult to progress. But the under- 
lying laws are easy—everybody knows them. Do unto 
others as ye would be done unto you. Love thy neighbor 
as thyself. Love thy God with all thy heart. These do 
and thou shalt live. Herein is the opportunity for a 
wholesome living. That is what each man wants. That 
~ is what each man shall have if we have peace. . 
But the ramifications are enormous, the complexities 


are intense, and in spite of all controls power becomes — 


amassed and conflict follows. 
_ To the end that the individual engineer may con- 
tribute in the place where he is, the Engineers’ Council 
_ for Professional Development has issued the pamphlet 
~ “Will You Help?” - 
local chapters, sections, and branches of the participating 
_ bodies, together with other local engineering organiza- 
. tions and interested groups, to participate in the co- 
-ordinated societies’ endeavors. Where this will lead will 
depend upon the activity of the groups and the earnest- 


a ness with which they enter into the problems which they_ 
find. But potentially there is an opportunity to bring 


~ into discussion and suggestion for solution any problem 
ei suggested. Here is an opportunity for a portion of the 
. engineer’s time to be given actively to the solution of 
those problems which he wants to be solved and which 
must be solved to maintain the wholesome life. 
this is not entirely new we recognize; that there is in- 
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This portable spot welder has 
_ halved the time and the number | 
_ of operations necessary for as- 
_ sembling B-26 bomb-bay doors 
by the Glenn L. Martin Com- 
pany. The skin, frames, and 
stiffeners for the doors are as- 
i wsetubled in a, fixture to’. be” 
_ tack-welded with the portable 
-spot welder and the entire 
- assembly then is carried to a 
 floor-type spot welder. The 
portable welder consists of a 
spot weld machine and trans- 
_ former counterbalanced on a 
-small beam pivoting from an 
overhead trolley which travels ’ 
along a 50-foot I beam. The 
trolley is propelled by sprocket 
_and chain powered by a one- 
-* third-horsepower electric mo- 
tor. A 200-kva welding ma- 
chine with a capacity of two 
thicknesses of 0.040-inch alu- 
minum is used. — 


has oe best of base to ricsadll es wise 


This calls upon all members of the . 


wholesome Wert 


That — 
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feel sacHitee he is potion ath to. 
That there will be eis: ao have 


position of the engineer in hina? postwar an wi 
insecure just as will be the ponte of his fellowmen. 


is inescapable. ‘ 
The engineer through fas knowledge of natu 


price. He moe fe mite bes laste 
there must be safety factors. He knows you an ( 
ee for ee He | knows ae havoc of unc 


AiO oni and ies the hel to the ratte aa and 
the national to the international. It is most wort 
_And thus the dais in the oe war ‘world, co. 


Repae ihe helpfulness al fas understanding towar 


monpantach asia arnere may ¢ even mean a rec 
conflict, are just too serious to be allowed. 
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Summer Technical Meeting Program to Be 


Largest in the History of the Institute 


The tentative Gromeaed arranged for the 
\IEE summer technical meeting to be held 
a St. Louis, Mo., June 26-30, 1944, will be 
he largest technical program in the history 
f the Institute. This makes the meeting 
| fitting occasion to commemorate three 
mportant anniversaries in the electrical 
ield—the 60th anniversary of the AIEE, 
he 100th anniversary of the Morse tele- 
raph, and the 40th anniversary of the 
mternational Electrical Congress, which 
net in St. Louis in 1904. The program is 
omprised of approximately 89 technical 
yapers and 31 conference papers to be 
resented in 28 technical sessions and con- 
erences, in almost as many specialized 


ields of activity. The 28 sessions and. 


conferences are in addition to the annual 
neeting, which will take place Monday 
norning, June 26; the conference of officers, 
lelegates, and members, which will be held 
Monday and Tuesday afternoons; and the 
reneral session on Wednesday morning. 


Meeting headquarters will be in the Hotel — 
efferson, which has good facilities with some _ 


ir-conditioned meeting rooms. 
‘JOINT LUNCHEON MEETING 


‘Tuesday noon a joint luncheon with the 
st. Louis Electrical Board of Trade has been 
ranged. The luncheon meeting will be 
iddressed by Lieutenant Colonel T. B. 
dolliday, U. S. Army Air Forces, Matériel 
Jommand, Wright Field, Dayton, Ohio. 
Jolonel Holliday’s close connection with the 
levelopment of electric systems for aircraft 
laces him in a position to give a talk of 
musual interest, which will be supplemented 


MEMORIAL. PLAZA 


: Claridge. 


by an exhibit of equipment. He also is 
chairman of the Institute’s committee on air 
transportation. 


TECHNICAL SESSIONS AND CONFERENCES 


Four sessions on electric equipment for 
military aircraft will present a variety of 
papers on generator control, relays, fuses, 
connectors, generators and electrical instru- 
ments, as well as aircraft lighting. Other ses- 
sions closely related to the war effort will 
deal with electric welding, industrial-power 
applications, electrochemistry and electro- 
metallurgy, industrial control, and quality 
control by statistical. methods as applied to 
manufacturing. The expanded program will 
present subjects such as industrial control, 
- induction heating, marine transportation, 
electronic applications, and electric house 
heating, which are relatively new fields of 
activity. In addition, there will be sessions 
in the central-station field, which will treat 


the subjects of power generation, transmis- 


sion, cables, switchgear, and melas: as 
‘related to wartime conditions. 

To commemorate the Morse ue ae 
centennial a symposium of papers has been 
arranged which will review the state of the 
art of telegraphy after 100 years from several 
points of view. 


HOTEL RESERVATIONS 


The hotel committee has reserved ac- 
commodations which expire on June 15, 
at the Hotel Jefferson, headquarters, as well 
as at the Statler, Mayfair, Lennox, Mark 
Twain, DeSoto, Coronado, Park Plaza, and 


St. Louwts 


Everyone expecting to attend the 


TITUTE ACTIVITIES 


‘ 


meeting should have filled out and mailed 

the hotel reservation card, indicating his 

first and second choices of hotels, addressed 

to Russell G. Meyerand, chairman of the 
hotel committee, 901 Syndicate Trust 
Building, St. Louis 1, Mo. These cards 
were sent to most of the membership with 

the mailed announcement of the meeting. 

The Jefferson will not accommodate evéry- ~~ 


one expected to attend the meeting, but good’ 
rapid transit facilities are available in St. Ny 
Louis. < : 


a j 
t ‘ 
ADVANCE REGISTRATION 


- Members who will attend the meeting 
should have filled out and mailed in the 


advance registration card received with the 


mailed announcement. This will assist the 

committee in making arrangements and 
will help to avoid congestion on arrival at , 
the registration desk. 


* COMMITTEES 


Those making the arrangements of the 
meeting are B. D. Hull, chairman; I. T-. 
Monseth, vice-chairman; L. L. Crump, 
secretary—treasurer; F. A. Cooper, Jr. (chair- 
man, St. Louis Section). Subcommittee "4 
chairmen: GC. B. Fall, finance; C. H. Kraft, 
meetings and papers; B. T. McCormick, | 
registration and information; R. G. Meyerand, _ 


hotels; —E. S. Rehagen, hospitality; Guy W. 
Thaxton, transportation and trips; L. F. ¥ 
‘Woolston, publicity. ; “ 


‘Future AIEE Meetings 


Summer Technical Meeting ‘ a 
St. Louis, Mo., June 26-30, 1944 : ¢, 
Pacific Coast Technical Meeting — er 


Los Angeles, Calif., Aug. 29-Sept. 1, 1944 


Be scotial Plaza; St. Louis, Mo., only a few blocks from the Jefferson Hotel, headquarters for the 1944 AIEE summer technical meeting. 
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Institute Activities 


lustered around a central park area are some of the newest and most highly prized edifices in the city. Near by are the city’s new 
se police headquarters and the Central Public Library 
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@ ABSTRACTS of most papers ap- 

pear on pages 25-352 of this issue 

and pages 146-7 of the Seut 1944 
issue. 


@ PRICES and instructions for pro- | 
curing advance copies of these 
papers accompany the abstracts. 
Only numbered papers are avail- 
’ able in pamphlet form. 


“le Monday, June 26. 


‘ My P : : * . 
9:30am. Registration 


40:00 a.m. Annual Meeting 
vu 


ne _ President Nevin E. Funk, presiding 
oy ‘Address of welcome, William McClellan, AIEE Past 
_ President ( 


; Board of directors’ report Ge abstract), H. H. Henline, 
national secretary 


‘ : 
q 

Aw 
h ‘ational treasurer’s report, W- I. Slichter_ 

a 

7 nee Committee of tellers’ report on election of oiickes 

M Introduction of president-elect and presentation of 
ss president’s _ badge; response by: President-Elect, 
Tox Charles A. Powel 


Report on institute prizes for papers, -F. A. Cowan, 
1} chairman, committee on award of Institute prizes; 
Pras gi cae by President Nevin E. Funk ; 


D Presentation of Lamme Medal to Arthur H. Kehoe 


a : ‘Presentation of Faraday Medal of Institution of ae 


ae _ trical Engineers to Irving Langmuir 
a Any other business that may be presented | 
of President's address, Nevin E. Funk 


ome se 00 p-m. Conference of Officers, Dele- 
ri) ier gates, and Members. 
af : 


ieee June 27 


Power Generation 


9: 30 a.m. 
* bast 44-98. THe SUMMATION OF Fea Curves. R.F, Ham- 
<0 r ilton, War Production Board x 
Lae 44-85, PREVENTION OF RoTor-WINDING DEFORMATION 


en Tursocenerators. J. G. Noest, Consolidated 
‘Edison Company of New York, Inc. 


oa 44-106. Tue Errect of WEATHER ON THE SysTEM 
_-‘Loap. H. A, Dryar, Philadelphia Electric Company 


A 44-107. Conpitions ConTROLLING THE Economic 
- Setection oF Prime Movers, B. G. A. Skrotzki, 
_ Consolidated Edison Company of New York, Inc. 


‘ 


i CP.* Procress REPORT ON TURBOGENERATOR STAND- 
-_ arpization. AIEE group of AIEE~ASME Joint Com- 
_ mittee on Turbogenerators 


, 9:30 a.m. 


44-89, Tue DirreRENTIAL GeneraTor-Controt Re- 
“pay FOR D-C Atrcrart Evecrric Systems. F, E, 
Crever, General Electric Company 


44-90. Arrcrarr Fuses Must Protect. J. G. Lebens, 
Jx., Bussmann Manufacturing Company 


Aircraft Equipment 


’ 


44-108. An Armcrarr DirreRENTIAL-VOLTAGE CurT- 
our. O. C, Walley, RECA ssause Electric and SS 
facturing Company ‘ 


44-88. A-C Contractors ror Arrcrarr. F, J. Russell 
_and A, P, Charbonneau, Cutler-Hammer, Inc. : 
-9:30a.m. Basic Sciences 

44-95. Formu.as ror THE Four-TERmMINAL-NETWORK 


Parameters or Unirorm NETWORKS. W. R. LePage, 
The Johns Hopkins University , 


44-109. Formuntas ror Catcuratinc SxHorr-Circurr 
Forces Berween CHANNELS LocaTep Back TO Back. 
T. J. Higgins, Illinois Institute of Technology 


- 44-119. 


- ES Pda 2 


Summer ae 


44-110, THe CompuTaTion OF Macneric-Freip 
Srrencru or Rounp Corrs or SMaLi Cross Section. 
H. B. Dwight and G, O, Peters, Massachusetts Institute 


of Technology 


44-129, FUNDAMENTALS OF Hearinc-Aiw Desicn, W. 
D. Penn, Vacolite Company 


9:30 a.m. 


Quality Control by Statistical 
Methods 


CP.* Drve.opments IN THE ConTROL of QuaLiry BY 
Sratistica, Meruops. R. E. Wareham, General Elec- 
tric Company i 

CP.* Epucationat Courses on Quatity ConTRoL. 
Paul R. Rider, Washington University 

GE.* 
CGEPTANCE INSPECTION OF ORDNANCE Mar&rIeL. 
tain A. R. Burgess 


APPLICATION OF STATISTICAL PRINCIPLES TO Ac- 
Cap- 


44-113—ACO.+ Tue abies or Statistics TO D1- 


ELEcTRIcs. C. M. Summers and K, E. Ross, Genetal 
Electric Company ; 
CP.* SratisticaL MretHops ror Quatity ConTROL, 


Joseph Manuel, Westinghouse Electric and Manufac- 
turing Company 


12 m. Joint Luncheon With St. 
: Louis Electrical Board of 
aN Trade 


Address ‘“‘Aviation and the Electrical Engineer,” Lieu- 


tenant Colonel T. B. Holldays United States Army 


Air Forces > 
2:00 p.m. _ Conference of Officers, Dele- 
gates, and Members 
-2:00 p.m. Power Transmission 


44-114. THe Measurement or LiGHTNING Currents IN 


Drrecr Stroxes. G. D. McCann, Westinghouse Elec- 
ric and Manufacturing Company __ : 


44-115. TRansmission-LinE ELEcTRIC Loapines. S. B. 


_ Crary, General Electric Company 


44-116. Ruino Busses ror GENERATING AND TRANSMIS- 
sion Stations, E. L. Michelson and J. P. Gallassini, 
Commonwealth Edison Company 


44-117. Capactror InsTaLLation at Newport News 
V. R. Parrack, Virginia Public Service Company, and 
E, L. Harder, Westinghouse Electric and Manufactur- 
ing Company : 


44-118. Capacrrors, CONDENSERS, AND SysTEM STA- 
BiLity. J. W. Butler, T. W. Schroeder, and W. 
Ridgway, General Electric Company 


A MerrHop or APPROACH TO THE CONSIDERA- 
TION OF PoweER-DisrRiBUTION-System Costs. O. B, 
Falls, Jr., General Electric Company . 


» 2:00 pm... _ Aircraft Ignition and Aux- 
‘a iliaries 
44-112, Arorart SroRacE-Barrery Desicn. J. L. 


Rupp, National Battery Company. — 


44-121. Batrery Booster Gone FOR AIRPLANE- 
EncinE Ienrrion Systems. A, V. Alvino, Bendix Avia- 
tion Corporation I 


44-123. DimensionaL Stupy or Licurweicur Motors 


For Aircrarr. W.J. Morrill, Electric Motors and:Spe-. 


cialities Company 


44-124. Auxitiary Power-PLanr Reguirements. L, 
E, O’Neil, Andover Motors Corporation ] : 


2:00 p.m. Electric Welding 


44-101. Ratinc or Evectric Equipment Unprr INTER- 
MITTENT Loap. Myron Zucker, Mackworth G, Rees, 
Inc. 


44-125. An Improvep Erectronic ConTron ror Ca- 
PAcITOR-DiscHARGE Resistance WeELpING. H. J. 
Bichsel and E. T. Hughes, Westinghouse Electric and 


Manufacturing Company 


44-105. Tue Desicn or Low-Vouracz WELDING- 
Power Disrrisution. C,. A. Adams, J. R. Fetcher, and 
A. C. Johnson, E. G. Budd Manufacturing Company 


CP.* Tue Use or Consrant-Current ReGuLarors 
AND Capacirors TO Provipe SatisFActory Disrripu- 
TIoN-SysTEM Design WHEN SERVING WELDING. LOAps, 
E. R, Hendrickson and R. O. Askey, Public Service 
Company of Northern Illinois 


44-134, 


of New York, Inc. 4 


2:00 p-m. Aircraft Tigheng and Inst ru- 
ments 
44-136. Gaszous-Discuarce LAMPS FOR . Aone 


‘AFFORDED SMALL Low-Vo.TacE A-C anp D-C Sq 


_ Connection ror a D-C Sunt Motor. G. ‘FL 


2:00 p.m. Conference on ‘Problems 
Engineering Colleges 4 
ih Their Effects in pupae" ® 
LO} is oon eet AND > CURRICULA IN 


10:00 a.m. 


General Session 


LJ Pe J | “4 — 
2:00 p.m. Morse Telegraph Cent. 
‘44-126, DEVELOPMENTS IN THE FIELD OF Caste , 
RADIOTELEGRAPH COMMUNICATIONS. araden 
Mackay Radio and Telegraph Company, and 
Roosevelt, All America Cables and Radio, ae 


44-127. AmerIGAN TeLEGRAPHY AFTER 100 Ye 


_ F,E. d’Humy and P. J. Howe, Western Union Teleg 


<i 
es 


Company. 


44-128, TrLEGRAPHY IN THE Be.ti Svea 


Duncan and R. E, Pierce, American i 
‘Telegraph Company 

2:00 p.m, Power Cables 
44-130. IMPULSE STRENGTH oF _AusULATE 
Case Circuirs. 


Edison Company and G. B, Shanklin, Gener 
Company 


44-131. Cycxrc Movement or C eae 
Errects on Caste SHEATH Lire. C, S. Schi 
Philadelphia Electric ie Soapanne : 


be 


TWEEN resin atten “ais Soveianes or Ga 
Ducts. C,. T. Nicholson and T. m6 Brosnan, ] 
Niagara Electric Corporation 


44-133, Gas-FILLED Casi RESEARCH AND E: 
G, B.. Shanklin, General | Electric Company 


we 


OPERATION OF Low-Pressure Gas-Fr 
Casize. C. T. Hatcher, Consolidated Edison | 


Licutinc Szrvicz. E. W. Beggs, Westinghout 
tric and Manufacturing Company — " 


44-91. LicutTinc Reoumep FoR CoMMERCI 
Arrorart., W. A. Petrasek, American Airlines a 


44-138. ArrcrarT-ENGINE ‘Torque Meters. gue 
Godsey, Jr. and B. F. Langer, Westinghouse z 
and “Manufacturing Company 


44-149. Macnesyn Remore INDICATION. — g 
Bendix Aviation Corporation 


2:00 p.m. 
44-139. 


Industrial Control te 


Tue DecREE oF SuosGmgom Protec: 
ERS RY Means or Fuses anp Circuit BREAKERS. 
Jones, General Electric Company 


44-140. SIN SODATION ‘TEMPERATURE Sranparp' 
InpustriAt-Controt Cons, B. w. Erikson, | 
Electric Company 


44-141. 


¢ 


Ixpusreta Conrrox: Suuntep-AnMar 


and L. T. Rader, General Electric Company 


44-142, Moprern Carco-Wincx Controu - 
on Vicrory Suips, F. H. Holt, General El 
pany > il 


CP.* Grp ConTROL FOR Gaszous-DiscHarce Tus 
P. T. Chin and E. E. Moyer, General Electric Go 


WAR Dela FOR ENGI if De Hamilton, 
tury Electric Company . 


3:30 p.m. Clinic on College and Hi 
_ School Student Counseling 
CP.* Go-dernation OF Sections. 


G Ww we y 
chairman, Sections committee fain Pia 


Ao - 


>. 
CP.* Vaxrurs or CounsELinc To Hicu-Scuoo. Stru- 


pents. T. L. Jones, SRE An; educational committee, 
St. Louis Section 


ae.” Hiew-Scuoor-Srupent CounseLine In METRO- 
-PouiraN New York Arga. S§, P. Shackelton, chairman, 
“student guidance committee, New York Section 


-CP.* Ways anp Means or Sections Co-opeRATING 
Wrrn Cottecr AIEE Brancues, R. C, Gorham, Uni- 
versity of Pittsburgh = 


Thursday, June 29 
9:30 a.m. ‘Symposium on Electronic 
Frequency Converters 


44-143, Hisrory anp DEVELOPMENT OF THE ELEC- 
“TRONIC Power Converters, E. F. W. Alexanderson 
and E, L. Phillipi, General Electric Company 


44-144, THe ELectronic CONVERTER FOR EXCHANGE 
“OF Power. F. W, Cramer, Carnegie-Illinois Steel 
Corporation, and L. W. Morton and A, G. Darling, 
General Electric Company 


44-145. Drsicn or AN ELECTRONIC FREQUENCY 
Cuancer. C. H. Willis, Princeton University, and 
“Rz W. Kuenning, E. F. Christensen, and B. D. Bed- 
‘ford, General Electric Company 


44-146. SwircHGEaR AND CONTROL FOR AN ELECTRONIC 


Power Converter. W. N. Gittings and A. W. Bate- « 


_man, General Electric Company 
‘ ts 
44-147. Prenrope Icnirrons ror ELectrronic PowER 
Converters. H., C. Steiner, J. L. Zehner, and H. E, 
_Zuvers, General Electric Company 


9:30 a.m. . Aircraft Instruments 


44-152. A Unique Movinc-Macnet Ratio InstRU- | 


MENT. F. R. Sias and D. B. Fisk, General Electric 
~Company 
“44-153. Recent ADVANCES IN AIRcRAFT-TACHOMETER 
Desicn. R. G. Ballard and C, P. Hall, General Electric 
‘Company 


“Add 50. Desicn eiteatansioes tn ArrcrarT InstRu- 
MENTS TO Meer War Service. C, F. Savage and J. M. 
_ Whittenton, General Electric Company 


44-151. ELectrricaLLy OPERATED Gyroscoric InstTRU- 
mENTS. H. Konet, Bendix Aviation Corporation 


44-148. Toratizinc ConTenTs or Arrcrarr Fue 


'Tanxs. J. R. Macintyre, General Electric Company 


9:30 am. 


44-154. Loap-CaLcuLaTion ProcepurRE FoR ELECTRIC- 
Pane Space Heatinc. B. F. Raber and F. W. Hutch- 
inson, University of California 


44-155. 
-ConpirTIoninc, 
- Administration 
44-156. 
Homes. 


9 


Heating Houses Electrically 


ELECTROTHERMAL, SPACE HEATING AND AIR 
G. H. Krueger, Bonneville Power 


-Possisitities OF Heat Pumps ror HEATING 
R. U. Berry, General Electric Company 


Conference on Temperature 
Standards 


30 a.m. 


The purpose of the* conference sessions is to review 
t ‘temperature standards including hot-spot allowances 
for rotating machines in the fractional- and integral- 
_ horsepower sizes. These sessions represent a continua- 
tion of the activity started at the winter technical meet- 


ing in New York, N, Y., January 24-28, 1944. There » 


will be a series of gonference papers presented giving 
actual test results of temperature tests on various types 
and sizes of motors. 


Those expected to present conference papers are as 


follows: : ‘ 
A. E, Hildebrand, General Electric Company 
L. H. Hirsch, Century Electric Company 
“W. R. Hough, Reliance Electric and - py cand 
_ Company ee; 
_H. M. Joy, Master Electric Company 
-T. C. Lloyd, Robbins and Meyers, Inc. 
Pr. F. Munier, Emerson Electric Manufacturing 
_ Company / 
_F. D. Phillips, General Electric Company 
M. L. Schmidt, General Electric Company 
_P. H. Trickey, Diehl Manufacturing Company 
©, P. Potter, Wagner Electric Corporation 


_Vorrace Arr Circurr BREAKERS. 


_ Distrisution Systems. 


44-165. 


7-79 4 € 


St. Louis, Mo., June 26-30, 1944 


2:00 p-m. Conference on Temperature 
Standards (continued) 
2:00 p.m. Switchgear 


44-157. Prorgcrion or Larce D-C Macuines BY 
Means or Hicu-Sprep Circurr Breakers. J. Elmer 
Housley, Aluminum Company of America and Otto 
Jensen, I-T-E Circuit Breaker GER BARY; 


44-102, A Pneumatic Mecitanisi FOR Ourpoor Or 
Circurr Breakers, L. J. Linde and E.. B. Rietz, 
General Electric Company 


44-158. Improvep SeELEcTIVE TripPINc oF Lows 
C. P. West, Westing- 


house Electric and Manufacturing Company 


44-97, Fusine Practices on Disrrtsution Systems—IlI. 


J. S. Parsons and J. M. Wallace, useing ater Electric 


‘and Manufacturing Company 


44-159. Fautt Prorecrion on SuHrpBoarp A-C PowEr- 
Captain H. G, Rickover and 


P. N. Ross, Bureau of Ships, Navy Department 


2:00 p.m. -Electronics and Measure- 
ments 
44-78, DEVELOPMENT OF EXCITRON-TYPE RECTIFIER. 


H. Winograd, Allis-Chalmers Manufacturing Company 


44-11. Awnatysis or RECTIFIER Circurrs. E. F. 
Christensen and GQ C. Herskind, General Electric 
Company, and C. H. Willis, Princeton University 


44-160. OpzraTion or Rectirers UnperR UNsat- 
ANCED Conprtions. E. F. Christensen and M. M. 
Morack, General Electric Company 

44-161. 
Dretectric Properties. aT ULTRAHIGH FREQUENCIES. 
C. N. Works, T. W. Dakin, and F, C. Boggs, Westing- 
house Electric and Manufacturing Company 


C.P.* Hicu-Frequency Caste Desicn AnD TESTING. 
N. D. Kennedy, P. W. Ware, Simplex Wire end 
Cable Company 


2:00 p.m. thiferentess on Experiences 


With Electric House Heating 
ap Exectric Pega or SMALL HomEs IN THE 


TENNESSEE VALLEY. B. H. Martin, Tennessee Valley 
Authority 


cP.* Reverse REFRIGERATION APPLIED TO A New 
Haven Orrice Buitpinc. E, H, Walton and C. A, 
Williams, United Illuminating Company 


Open Meeting of Committee 


4:00 p.m, 
' on Domestic and Commercial 
Applications 
CP.* Reporr oF SuBCOMMITTEE ON FaRM APPLICA-~ 


tion. C,H. Leatham, Monongahela West Penn Public 


Service Company =~ 


CP.* Report or SuscommitTeE on Hazarps To FARM 
Anmats. W. B. Buchanan, ve wiles ote Power 
Commission of Ontario 


CP.* Report oF SUBCOMMITTEE ON WirInc MatTTeErs, 
Wesley Weinerth, Philadelphia Electric Company 


Friday, June 30 


9:30 a.m. . Electrochemistry and Elec- 


trometallurgy : 
44-163. Tue Coprrr-Oxmwer REeEcTIFIER IN ELECTRO- 


cHEMIcAL Work. I. R. Smith, Westinghouse Electric 
and Manufacturing Company 


44-164. Evrcrronic REGULATOR FoR Ara FuRNACES. 
J. E. Reilly and C. E. Valentine, Westinghouse Electric 
and Manufacturing Company 


CHaracreristics OF CHLORINATED ImpPREG- 
NaANTS IN D-C Paper Capacitors. L. J. Berberich, 


_ CG. Y. Fields, and R. E. Marbury, Westinghouse Elec: 


tric and Manufacturing Company 


44-100, TREATMENT AND CasTING OF METALS BY 
EvLecTrRoMAGNETIC Forces. W. W. Hoke, Garden 
City, N. Y. 

44-166. INpuction HeEATING—SELECTION OF FRE- 
quency. N, R. Stansel, General Electric Company 


44-167-ACO.+ APPLICATION oF INDUSTRIAL GENERA- 
rors To Inpuction Heatinc. E, H. Browning, West- 
inghouse Electric and Manufacturing Company 


A Resonant-Caviry MErHop ror MEASURING ~ 


44-135. 


eoe — * * 


44-168. “Surrace Heatinc sy Inpuction. H. F. 


Storm, Allis-Chalmers Manufacturing Company 


44-99. WVortracz Transients IN Arc-FuRNAGE CiR- 
currs. Subcommittee on transient voltages in are- 
furnace circuits . 


S 


‘ 


9:30 a.m. 
44-169, 


‘Transformers F 


Procress IN ImputsE TrstING OF TRANS- 


FORMERS. J. H. Hagenguth, General Electric Company 


44-170. Hicu-Voittacz Compressep-Gas Power 
TRANSFORMERS. H. M. Hobart, consulting engineer — 
44-171. Tue Desicn AND OPERATING CHARACTERISTICS ; 


OF Moprern Dry-Type Arr-CooLtep TRANSFORMERS. 
W. W. Satterlee, Westinghouse Electric and Manufac- 
turing Company - 


44-103. Hor-Spor TEMPERATURES IN 
TRANSFORMER WINDINGS. 


Dav-T ves 


™ 


¥ 
H. C. Stewart and L. Cc, i 


Whitman, General Electric Company. d 
CP.* STANDARD CuRRENT TRANSFORMERS WITH Oxz- ey 
Ampere SEconpaRY Winpinc. L, F. Hunt and J. H. * 
Vivian, Southern California Edison Company, Ltd. : 
9:30am. Industrial Power Applice-© “ F 
tions oat 

\ “a 


44-178, Exrenpinc THE Use or SHUNT Capacrrors BY 
Means or Automatic SwircHina. 
Westinghouse Electric and Manufacturing Company __ 


44-173. Auromatic ConTRoL AND Swrrcuine Eguip- 7 


MENT FOR Capaciror BANKS AND ITs APPLICATION. 
T. W. Schroeder and W. C. Bloomquist, General 
Electric Company ; 


Pa 
CP.* Execrric-Power DisTRIsUTION FOR inate 
PLANTS. 
power applications Y. 


CP.* 


DopceE CxicaGo PLANT’s ExzeratePowne 


DistrisuTion ScHEME WiTH AIRPLANE-ENGINE TESTING 4 


Power-Recovery Circurrs. E, L. Bailey, Chrysler 
boa cs 


2:00 p-m. Relays 


44-104. BrstioGrapHy or RELAy Livnkaxeety 1940-43, 


aN 


hea 


W. H. Cuttino, — 4 


Report of AIEE committee on incusatsiel Y zs 


Working group on relay bibliography, AIEE relay 4 


subcommittee 


is 


44-172. A New Frequency RELAY FOR Powan:Sieren! 3 


Appuications. H. J. Carlin and J. L. Blackburn, 
Westinghouse Electric and Manufacturing Company 


A 


44-94. Tue Evo.urion or STANDARD LINES OF Current . 
a 


TRANSFORMERS FOR HicHh OVERGURRENT Capaciry. 


E. C. Wentz, Westinghouse Electric and Manufacttifing, ay 


Company > 


\ 


44-93. CuRRENT-TRANSFORMER’ Oorror AND | is 4 


tion Cuarts. R. Koller, Pacific Electric Manufac- A 
turing Corporation ‘ x 


- 
i S 


A New Carrier Revayine System. T. R, 


~ 


Halman and A. F. Drompp, Detroit Edison Com- 


pany and §S, L, Goldsborough and H.W. Lensner, 
Westinghouse Electric and Manufacturing Company’ 


2:00 p.m. 


44-92. Mopern Motive Power FoR THE SOROCABANA 
Ramway. R. L. Chapman and O. K. Kjolseth, 
General Electric Company ‘ “4 


44-96. 


Land Transportation 


Economics or Troiiey-Coacu fate Hoe 1 


G. M. Woods, Westinghouse Electric and Manufac- “@ 


turing Company’ 


2:00 p.m. 


44-174. INTERLAMINATION ReEsISTANGE. J. P. Barton, ° 
Carnegie-Illinois Steel Corporation Ae 


Motors and Related Subjects _ 


4 
1 


‘ 
Ba 


44-175. TRANSIENT PERFORMANCE OF INDUCTION Mo- 


rors. F. J. Maginniss and N. R. Schultz, General 
Electric Company 


44-176. DirreRenTIAL LEAKAGE WiTH Respect TO THE 


* i 


- 
-¥ 


FunpAMENTAL WAVE AND TO THE Harmonics. M. M. — 


' Liwschitz, Westinghouse Electric and Manufacturing 


Company 


44-177. Tue Nature oF VIBRATION 
Macuinery. T. D. Graybeal, University of California 


*CP: Conference presentation; no advance copies of : 
papers available; not intended for publication in 
Transactions. 


+ACO: Advance copies only available; not intended 
for publication in Transactions. 


in Exvectric | 


} 


Section and Branch Activities—Annual Rep 


The following constitutes the _ annual 
report on Insti€ute Section and Branch 
activities for the fiscal year which ended 
April 30, 1944. Similar information for 
three preceding fiscal years appeared in 
Electrical Engineering in June 1943, pages 
264-5; June 1942, pages 322- 3; June 1941, 


pages 285 eas 


Present members of the Sections committee, 


and the committee on Student Branches, 
which supervise the divisions of Insti- 
tute activities covered by this report, are: 


Sections—G. W. Bower, chairman; ; 
vice-chairman; A. C. Muir, secretary; O. C. Brill, 
M. S. Coover, C. A. Faust, Frederick Krug, 8. J. Lis- 
berger, E. T. Mahood, W. B. Morton, C. S. Purnell, 
E. W. Schilling, J. M. Thomson, and, ex officio, the 
chairmen of all Sections of the Institute. 


R. M. Pfalzgrafl, 


_ Bingham; H. L. Davis, 


Table Ui. Branch Meetings He 


paneer 3 


H. C. Madsen; E. M. Strong; 
Branch counselors. 


ing Year ye ney 30, 19 44 


Num- 
aie Branch ber 
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Branch Meetings Held During Table V. Conferences on Student 
Last Three Fiscal Years Activities 
For Year Ending April 30 * District Location Date 
Lait ae Se See 
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Subsection Formed in Ottawa 


The newest addition to the Institute’s 
‘lengthening list of Subsections was formed in 
Ottawa, Ont., February 9, 1944, within the 
territory of the Montreal Section. 

The 11 members and 21 nonmembers 
present elected the following officers: 


Chairman, B. G. Ballard (A 33) associate research 


-engineer, Naticnal Research Council. 


Vice-chairman, W. G. C. Gliddon (A ’28) chief engineer, 
Gatineau Power Company. 


Secretary, J. H. Simpson (A °39) junior ets engineer, 


y pe Research Council. 


‘Discussion of the relationship of the AIEE 
with, the Engineering Institute of Canada 
defined the former as filling the technical 
needs of electrical engineers and left such’ 
general questions as the professional status 
of the engineer within the province of the 
Engineering Institute of Canada. 

At an executive meeting of the Subsection 


held February 16, the following committee 


was appointed to draft the necessary bylaws: 
W. G. GC. Gliddon; E. G. Cullwick (M ’33) 
lieutenant commander in the Royal Cana- 
dian Naval Volunteer Reserve; and D. S. 
Smith (A’33) junior research engineer, 
National Research Council. 


1944 Lamme Medal Nominations 
Due December 1 


Special attention is directed to the fact that 
the names of Institute members who are con- 
sidered eligible for the AIEE Lamme Medal, 
to be awarded early in 1945, may be sub- 
mitted by any member in accordance with 
section 1 of article VI of the bylaws of the 
Lamme Medal committee, as follows: 


The committee shall cause to be published in one or 
more issues of Electrical Engineering, or of its successors, 
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each year, preferably including the June issue, a state- 
ment regarding the ““Lamme Medal” and an invitation 
for any member to present to the national secretary of 
the Institute by December 1, the name of a member 
as a nominee for the medal, accompanied by a statement 
of his “‘meritorious achievement” and the names of at 
least three engineers of standing, who are familiar with 


the achievement. 


Each nomination should give concisely the 
specific grounds upon which the award is pro- 
posed, and also a complete detailed statement 


- of the achievements of the nominee to enable 


the committee to determine its significance as — 
compared with the achievements of other — 
nominees. If the work of the nominee has — 
been of a somewhat general character in — 


co-operation with others, specific information _ 


should be given regarding his individual 
contributions. Names of endorsers should be 
given as specified in the foregoing quotation. 


~~ 


- 


ABSTRACTS. eae 


TECHNICAL PAPERS previewed in this section 
will be presented at the AIEE summer technical 
meeting, St. Louis, Mo,, June 26-30, 1944, and are 
expected to be ready for distribution in advance 
pamphlet form within the current month. Copies 
may be obtained by mail from the AIEE order 
department, 33 West 39th Street, New York 18, 
N. Y., at prices indicated with the abstract; or at 
five cents less per copy if purchased at AIEE head- 
quarters or at the meeting registration desk. 


; Mail orders will be filled 
AS PAMPHLETS BECOME AVAILABLE. 
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44-89—The Differential Generator-Control 
Relay for D-C Aircraft Electric Systems; 
F. E. Crever (A’27). 20 cents. The charac- 
teristics of both the definite pick-up type of 


generator control relay and the new dif- 


ferential type are analyzed and compared 


225 


from the standpoint of chatter. Also, it is 
explained how equalizing coils on the regu- 
lators of the generators enable positive action 


‘in coming on a live bus with differential-type - 


relays. The results of flight tests on a four- 
engined airplane are shown by oscillograms 
recorded in flight which substantiate the 
contention that the. differential type is 
' superior. An analysis of a system of NV 
generators in parallel is made for the pur- 


_ pose of determining the percentage load 


necessary to cause any relay to close on its 
generator. It is shown that for a given dif- 
ferential setting and equalizer strength this is 
a fixed percentage load of the connected 
generators regardless of the number of gen- 
erators on or off the bus. 


? 


 44-88—A-C Cotiaebive for Aircraft; F. J. 
- Russell (M °37), A. P. Charbonneau (Applica- 


tion pending). 15 cents. Use of a-c power 


haf 
-~ 


providing suitable switching apparatus. 
and of suitable size and weight have not 
been available. An analysis is made of con- 
es _ tactor ratings and performance characteristics 
to fill the needs of proposed aircraft. Many 
of the problems encountered in designing 
contactors to meet these requirements are 
a discussed. Contactors with continuous cur- 
; “rent ratings from 5 to 100 patra and a 
a sien circuit capacity of 4,000 amperes for 
me use on 208-volt three-phase 400-cycle systems, 
, are illustrated and described. 


“8 44-90—Aircraft Fuses Must Protect; J. C. 
_ Lebens, Jr. (A’41), 15 cents. The ergiution of 
_ the electrical system in aircraft has paralleled 


' when the very heart of the airplane is its 
. electrical system, faulty operation of protec- 
Dae “i _ tive devices cannot be countenanced. Com- 


plete protection can be obtained only by a : 


, device having the same time-current char- 


a} » acteristic as that of the equipment it is pro- 


tecting. This paper covers the fundamentals 
a involved in the protection problem and de- 
hy scribes. a method whereby it can be solved 
. by. adapting a device, already proved in 
on _ power applications, to meet the require- 
i ments imposed by aircraft. 7 
A Peog—An Aircraft Differential-Voltage 
"Cutout; O. GC. Walley (A’44). 15 cents. Ex- 
"perience obtained with present multiengine 
aircraft electric systems indicates a need for 
_ preventing interchange of current between 

_ generators when the system is operating at 
; a ® fight loads. Such current interchange causes 


‘as -reverse-current cutouts of conventional de- 


sign to connect and disconnect their re- 
spective generators to the fee so rapidly 

' that the’ action is called “chatter.” Con- 
__yentional cutouts connect the generator to the 
_. system when the generator voltage is above 
a preset value. The differential-voltage re- 

_ yerse-current cutout connects the generator 


a preset value above the system voltage. A 
description is given on the design, operation, 
and advantages of a differential-voltage re- 

__yerse-current cutout which prevents inter- 
change of current between the generators. 


44-91—Lighting Required for Commercial 
Airline Aircraft; W. A. Petrasek (A’36). 
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' aircraft-lighting equipment. 


“systems on aircraft presents the problem of | 


Contactors with the desired characteristics . 


the development of the plane itself. Today, 4 


* flicker is ‘ 


to the system when the generator voltage is - 


15 cents. A review of. ‘the lighting requir - 
ments of. commercial-airline . aircraft dis- 
closes the need for additional : development of 


the aircraft-lighting problem are discussed 
and the applicable Civil Aeronautics Au- 
thority regulations presented. Actual air- . 
line operating experience forms the basis for 
the stated requirements. The subject 
logically is divided into two general classi- 
fications, namely, internal and external 
lighting. Under the heading of external 
lightifig are the position lights, landing lights, 
wing-ice lights, and wheel lights. - Among the 
internal lights discussed are the cabin, com- 
partment, and cockpit lights. The relative 


advantages and disadvantages of the various 


types of instrument-panel lighting are given, 
and the importance of suitable cockpit 
lighting is stréssed. The greatest postwar 


improvement is expected to be the applica- 


tion of aOReSCE RL lighting to the aircraft — 
cabin. 


44-124—Auxiliary-Power-Plant Require- 
ments; L. E. O’ Neil. 15 cents. Designers of 
electrical equipment for aircraft are con- 
fronted with many limitations. Some of 
these limitations may be nullified by the use 
of auxiliary power plants. To cover various 
phases of application aseriesof enginegenera-— 
tors would be necessary. A large number of 
their design features should be adapted to 
each type of airplane in order to save weight 
and obtain best performance. This neces-— 
sitates close co-operation between designers of 
the component parts of the airplane. 


weliseteaieiee Dikdliarys Lamps _ for 
Airplane-Lighting Service; E. W. Beggs. 
75 cents. Fluorescent lamps function well 
on 400-cycle alternating current which is 
widely used in airplanes. The efficiency is 
increased about 20 per cent and, of course, 
- practically eliminated. . Tests 
showed slightly less drop in lumen output 


with paw ztous per ante ambient air when 


operated on‘ 400-cycle instead ‘of on 60- 
cycle current. 
starting also is readily obtainable at the 
higher frequency by means of a small con- — 
denser in series with the starting switch of a 
thermal starter. The 400-cycle operation re- 
sults in low lamp volts and high amperes for 
normal lamp wattage. The low lamp volt- 


age provides steady operation but the high- 


ampere value tends to overload the elec- 
trodes somewhat so that to achieve long life 
the lamps should be run somewhat below 
normal wattage. The starting voltage of 
neon-glow’ lamps on 400-cycle systems is 
appreciably higher than on 60 cycles. These 
lamps are practically unaffected by low - 
ambient temperatures on either frequency. 

44-148—Totalizing Contents of Aircraft 
Fuel Tanks; J. R. Macintyre (A’41). 15 
cents. In an airplane using more than one 


instrument to indicate the fuel quantity in 


its tanks, the pilot must add the readings of - 
all instruments to learn his total fuel supply. 
A single-dial totalized indication of the fuel 


. supply is desirable, because it saves the all- 


important factor of time, in addition to 
eliminating the possibility of arithmetical 
error. The problem of totalizing two or 
more liquid levels in aircraft fuel tanks falls 
into two broad classifications. The first of 
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pay the reqieaee ‘of servicing. 


instrument is described in this papel 
Dependable low-temperature | 


; tectors. a 


eee ene return Pathe <e shield, 


"range, durability in service, and an 
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dente pia eee toa 
type instrument. — 


cents. Flight operati« 
shown that significant impr 
economy may be obtained through 1 


ae anew wae ine coceere 
wee its I es ice 


* 


C. F. vids (M Page I. M. Whittenton ( 
25 cents. New conditions imposed b 
rapid advancement in aviation ha 
lenged industry to develop instruments 
Bee of meeting n 


of pbiatne jeanpeccaites cabal 
tions of oe and Bae, ation, Boe 


Os ieee a Le 


sign features discussed are gene 
plicable to all sainetgis instruments, 


44- 152—A Unique Moving-M 
Instrument; F. R. Sias, D. B Ke 156 
A unique type of moving- magnet d-c 


eRe. characteristics 


andl in | aaGen. it Hes the ie act 
sieaplcty ag ee 


ae hie wipe. er "elteuit the 4 
ment is compensated well for vol 
ambient temperature variations. 
uses anode the ote 


ee Geir oe a ree: 
structure and coil form, two mutual 
pendicular sets of coils, and an a 


caused ne currents in ‘te two sets 
determines the position of the moving 
ment, . j es 


7 


44-153—Recent Advances in Air 
chometer Design; R. G. nee a 
Hall. 15 cents. - 
requirements of the ma 
tachometer system in war } 
involving increased operating 


ER iat Ae eee ia fl ae 

instrument compartniels Py Botcenn past 
three years the existing designs have been 
revised and new designs developed to meet 
these requirements; the outstanding features 
and operating characteristics of the new de- 
signs are outlined in this article. The design 
factors involved in both the generators and 
indicators are broken down to give a de- 
tailed report of operating torques and volt- 
ages, high- and -low-temperature influences 
on ball bearing life, development of new mag- 
nectic materials, and action of luminescent-, 
coated pointers with temperature changes, 
The paper points out the special applica- 
tions for tachometer equipment and the 
probable future trends. 


B12 Airceaie-Storage-Baktery Design; 
f. L. Rupp. 15 cents. The paper points out 
werein the aircraft-battery requirements dif- 
fer from battery requirements encountered 
heretofore. Then step-by-step each of the 
important parts that complete the unit are 
described and information is given about 
what has been done in design to cause each 
part to provide a performance to meet air- 
craft usage. Attention is called to certain 
departures that have been made from what 
may be considered sound practice and 
reasons for the departures are given. Sug- 
gestions for correcting these departures are 
made and experimental work that is being 
carried on for further improvement is men- 
tioned. In summarizing the data and ex- 
perience accumulated a suggested design is 


offered which should overcome the present 


deficiencies and meet present requirements. 


44-121—Battery Booster Coils for 
Airplane-Engine Ignition Systems; A. /V. 
Alvino, 15cents. Starting of airplane’engines 
always has peeviced a problem from the 
ignition engineer’s point of view and many 
innovations have been introduced in an at- 
‘tempt to provide ideal ignition without in- 
‘creasing the weight of the system: A source 


of external high-voltage current is provided . 


for starting purposes when it becomes im- 
possible to rotate the caus crankshaft fast 
enough to produce ‘‘coming-in speed’’ of 
tue magneto. This source may be in the 
form of a booster magneto, high-voltage 
booster coil, or low-voltage starting vibrator. 
‘The high-voltage booster coil of the vibra- 
‘tory type has superseded the motor or 
manually operated magneto. It is a device 
for obtaining a high intermittent voltage 


Re maenetic induction. The low-voltage 
starting-vibrator method consists of a sepa- 
‘rate induction coil connected to the magneto 
primary utilizing it as a transformer and 
supplying it with alternating impulses of 
about 150 volts. 


Be 145—-Magitesyn Remote Indication; 
R. S. Childs. 15 cents. Electrical remote- 


indication systems fulfill an important func- ' 


tion on modern aircraft. This paper de- 
scribes in detail the Magnesyn system of re- 
‘mote indication and includes a brief review 
of other methods. Magnesyns are a-c- 
operated devices utilizing permanent magnet 
rotors at both transmitter and receiver. 
‘They have been used widely in remote-indi- 
cating compasses but are adaptable to many 
other problems. The development of the 
_ theory of operation, petioraae 
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and their applications. 


cents. 


_ to them by ‘simple forms. 


- admittance of the network, 


rom a source of steady low voltage by elec- - 


features, and some applications e the system 
are discussed. 


44-151—Electrically Operated Gyroscopic 
Instruments; H. Konet. 15 cents. Because 
of the increased use of electricity on aircraft, 
electrically operated gyroscopic instruments 
have been used for more applications. 
paper described several types of gyro motors 
It also cites the ad- 
vantages of the electrical gyro over the air- 
driven gyro. 


Basic Sciences 


44-95—Formulas for the Four-Terminal- 
Network Parameters of Uniform-Ladder 
Networks; W. R. LePage (M’44). 15 
Uniform-ladder networks usually are 
treated in terms of their propagation func- 
tion and characteristic impedances. How- 
ever, when dealing with only the terminal 
quantities one is interested in the so-called 
A-B-C parameters, or the driving point and 
transfer impedances or admittances. These 
are related to the propagation function by 
hyperbolic functions; but they are actually 


- rational functions of p(p=d/dt) or fre- 
quency. These rational functions are sim- 


plest for the A-B-C parameters and the driv- 
ing point and transfer parameters are related 


treatment is in terms of the former. 
shown that the A-B-C parameters are all 
polynomials in the variable ZY, where 


This. 


s 


Therefore, the’ 
It is | 


these are the total series impedance and shunt » 


respectively. 
Explicit formulas are developed for the coef- 


ficients of these polynomials for mid-series 


or mid-shunt termination and the relations 
between the degrees of the polynomials and 
the number of network sections easily is 
established from these formulas. 


44-109—Formulas for Calculating Short- 
Circuit Forces Between Channels Located 
Back to Back; JT. J. Higgins (A’40). 15 
cents. Formulas are derived for calculating 
the short-circuit mutual electromagnetic 


_forces exerted between the two conductors of 


a single-phase bus comprised of channels 
located back to back. It is assumed that 
the conductors are nonmagnetic, are of such 
length that end effects are negligible, and 
carry currents distributed uniformly over, 
the cross sections and that these cross sec- 
tions are so thin they may be considered to be 
comprised of line segments. Once the de- 
sired formulas are obtained—through dif- 
ferentiation of the known formula for the 
inductance of the bus—their use is illustrated 
by calculation of a typical problem. © 


44-110—The Computation of Magnetic- 
Field Strength of Round Coils of Small 
Cross Section; H. B. Dwight (F 26), G. O. 
Peters. 15 cents. Formulas for the magnetic- 


' field strength near a single round turn of 


fine wire were published by Andrew Gray and 
Alexander Russell and have been found very 
useful with coils the dimensions of whose 
cross sections are small compared with their 
radii. In this paper, correction formulas are 
given to improve the precision of that cal- 
culation by bringing in the effect of the sec- 
tion dimensions of length and thickness. The 
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countries. 


correction terms are comparatively simple. 
They apply where the distance from the 
center of the round coil to the point where the 
field strength is to be computed is distinctly 
larger than the coil ‘radius or else distinctly 
smaller. For the latter case, a second set of 
correction terms is given. A numerical ex- 
ample is given and the time saved by using 

the correction formulas in a favorable case, __ 
instead of other calculations which give equal 
precision, is shown. ! ; uw 


Communications t a 
a 
. 


WE se--whev clseeotee in the Field of | 


ea 


Cable and Radiotelegraph Communica- 
tions; Haraden Pratt (F’37), J. K. Roosevelt 
(M30). 15 cents. This paper reviews the 
growth, from time of organization to the — : 
present, of each of the four telegraph com- __ 
munication companies constituting the sys- 
tem of the International Telephone and 
Telegraph Corporation which provide serv- _ i 
ices between the United States and foreign ae 
These are the All America Cables Ag 
and Radio, Inc., the Commercial Cable 
Company, the Cine Pacific Cable Fy 
Company, and the Mackay Radio and Tele- x ae 
graph Company. Important elements in the 
technical developments applicable to the 
operation of both submarine-cable systems 
and radiotelegraph systems also are reviewed, 
showing how the methods and instrumentali- _ fh 
ties of today grew by process of evolution out _ y 
of the elementary ways of the early days. 
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44-127—American Telegraphy After 100 


Years; F. E. d’Humy (F’30), P. J. Howe 7 


(A’09). 30 cents. The telegraph, which is — 
the oldest electrical industry, celebrated its 


centennial May 24 of this year. Technically, — , 


_ its operations have changed greatly during _ 


recent years, but the only data which have 
been published regarding such changes per- 5, 
tain to specific applications or developments. Fr 
The present paper is intended to present an’ 
over-all picture of American telegraphy, as 
it is conducted today by the one company — ‘< 
which is engaged solely in the telegraph busi- — oy 
ness. The paper describes the nature of 
telegraph service, discusses the traffic prob- 
lems associated with the business, and — 
describes the facilities which are employed — 
and the functions which they perform. 
Although the paper is long by reason of - 
the multiplicity of telegraph services and 
types of apparatus, only brief references are 
made to features of plant or equipment which — 


_ have become stabilized through the years * 


and well understood by the industry. Simi- 
larly, no attempt is made to discuss details of _ 
technical design or operation, nor the various 
historical steps by which the telegraph 
reached its present status. In brief, the paper 
presents merely a general view of the in- 
dustry, and a bibliography of its literature, a, 
from which anyone who seeks more details, 
can be guided in his further inquiries. 


44-128—Telegraphy in the Bell System; 
J. A. Duncan, R. D. Parker (M14), R. E. 
Pierce (M30). 30 cents. As a part of the 
Morse centennial, this paper reviews some 
of the activities in telegraphy carried on by 
the various units of the Bell System in con- 
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nection with the furnishing of private-line 
telegraph and teletypewriter exchange serv- 
ice. At the present time approximately 
4,000,000 miles of telegraph circuit facilities 
are used by- the telephone companies, of 
which about 2,600,000 miles are obtained by 
carrier methods. Over 34,000 stations, most 
of which are teletypewriters, are served by 
these facilities. Frequent reference is made 
to publications covering developments and 
present activities. Only those items which 
have not been disclosed previously are covered 
in any poet 


' 44-129—Fundamentals 
Design; W. D. Penn (A’35). 20 cents. Ap- 
proximately four per cent of the population 
is sufficiently hard of hearing to require the 
use of a hearing aid. The nature of the 
hearing loss varies with the individual. From 
a knowledge of the characteristics of speech 
and hearing, the requirements a hearing aid 
must meet with respect to output, gain, and 
__ frequency’ response are détermined. 


‘required. A novel method of obtaining the 


_ required type of selective amplification is 


a 


described. The effect of room noise in limit- 
_ing the maximum amplification which can 
"be used is discussed. A method of computing 
the over-all acoustical gain is given. Per- 
_ formance curves of an instrument using the 
type of selective gered control described 
are shown. _ 


- Domestic and Commercial roe ae 


Applications 


44-154—Load-Calculation Procedure for 
_ Electric-Panel Space Heating; B. F. Raber, 
wz W. Hutchinson. 30 cents. Radiant heating 
by means of ceiling panels permits establish- 
ing comfort in a room with lower air tem- 
perature and with greater feeling of fresh- 
ness of air than is possible with conventional 
heating systems. The paper presents three 
steps to be followed in designing panel-heat- 
_ ing systems. These are of particular interest 
to the electrical engineer, because, as the 
paper explains, such systems seem to afford 
an effective means of improving the competi- 
_ tive position of electricity as a primary energy 
source for space heating. Aside from direct 
electric panels, the lower operating tempera- 
ture of panels using any heating medium 
makes off-peak electrical thermal storage 
more practical, because of smaller equipment, 
‘ than it is with conventional heating systems ; 


over 250,000 kw of such systems are now aes 


service. ‘Of even greater promise is the possi- 


_ bility of utilizing low-temperature panels 


with a heat pump for all year conditioning, 


~ the lower winter surface temperature and 


higher summer surface temperature leading 
to an unusually high coefficient of perform- 
ance. 


44-155—Electrothermal Space Heating 
- and Air Conditioning; G. H. Krueger. 15 
cents. This paper will cover briefly a his- 
torical outline of space heating with a detailed 
description of the electrothermal off-peak 
method for space heating and air condition- 
ing. The general principles involved in this 
method of heating are based on thermo- 
dynamic laws. Electrically generated heat 
CuCESY is stored in hot water contained in a 
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vessel 


_ degrees Fahrenheit. 
energy stored in the water in the pressure 


of Hearing-Aid 
_ cents. 


Tes" 
~ found that selective amplification i is usually — 


$ : NP ber one 


under 
pressure at the saturated temperature of 388 
There is sufficient heat 


vessel to be liberated as steam into the heat- 
ing system to supply the building’s heating 
requirements during the peak periods. 
Therefore, nothing but off-peak energy is 
used to operate this system. The air condi- 
tioning operates on a closed cycle admitting 
only sufficient fresh air to maintain the proper 


oxygen and carbon dioxide contents in the © 


air. It also operates at a slight positive pres- 
sure within the space to be heated thus pre- 
venting infiltration. 


44-156—Possibilities of Heat Pumps for 
Heating Homes; R. U. Berry (A’29). 75 


the principal interest is in the heat output 
from the condenser. A few installations have 
been made in which the heat output is used 
for space heating, and there is a steadily 


growing interest in them. This paper deals 


briefly with their efficiency, fuel economy, 
and output characteristics in an average cli- 
mate. 
compared with those for fuel-burning systems, 


- and estimates are given on the energy and 


demand requirements for an average resi- 


dential system in a typical climate with 


equipment now available. 


Py 


Electric Machinery 


44-94—Evolution of Standard Lines of 
Current Transformers of High Overcur- 
rent Capacity; E. C. Wentz (M42). 25 
cents. System-fault currents today are gen- 
erally higher than they were years ago. The 
first current transformers built for high-cur- 
rent capacity were special designs. 
more and more of them were required, the 
need to standardize the special designs be- 
came a, arent. The theoretical basis of the 
new line of standard transformers is a thor- 
ough study of the electromagnetic forces 
produced by the high current. Formulas are 
developed for calculating these forces. 
Means for approximating the strengths of 
the windings against these forces are given 
and the theory is confirmed by tests to de- 
struction on a number of transformers. 
practical basis for the standardized trans- 
formers is a line of standard Hipersil cores 
designed to give uniform performance. A 
line of transformers is made for each core 


size for each value of fault current (associated 


with a standard circuit breaker). 


44-103—Hot-Spot Temperatures in Dry- 
Type Transformer Windings; H. C. Stewart 
(M’36), L. C. Whitman (A’39). 
This paper gives the results of an extended 
series of thermal tests on a variety of dry- 
type transformer coils, Data are presented 


on the effect of different heights of coil stack, — 


different configurations, and, in addition, 


_ some essential precautions in making tem- 


perature measurements are pointed out. 
Hot-spot temperatures were investigated in 
coils cooled by natural-draft and by forced- 
air circulation at different velocities for both 


directed flow and random flow. Hot-spot 


increments (hot-spot temperature minus 
average temperature) range from 11 degrees 
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200-pounds-per-square-inch | itera for 
coils to 31 


‘method of cooling. No hot-spot all 


type transformers. 


Heat pumps are refrigerators in which — 


_and D-C Starters by Means of Fus 
- Circuit Breakers; B. W. Jones (M 


Initial costs and operating costs are 


conjunction with: 


When > 


_ of the moving parts and over-all improved relia 


The 


‘the insulation system as (poten with 


25 cents, | “The 
44 141—Industrial — 


with good speed regulation at low ini 


cooled coils b 
degrees cen 
degrees ead hot-spot 
given in American Standards . 
“Standards for Transform r '. 
and Reactors, C57.1, 1942” Hi 
ments. for class B insulation (80 
centigrade) vary from 16° to 46 
centigrade depending upon coil lengt 


has been established for class B in 
The high hot-spot increments found in 
tests show the need for review and mo 
cation of the standard allowances for 


44-139—The Degree of Short-Circui 
tection Afforded Small Low-Voltag 


cents. The AIEE technical paper - 
published in Transactions, volume 
1942, pages 483-87, gave data regarding th 
nies upeey oS of lowelare car 


cantons starters. These dae. were mi 
preted by some and it is the purpose o 


tion and to illustrate the main gis. 
additional data. 


ards for Industrial-Control Co: 
Erikson. 15 cents. It is See Sate 


ae to all. lege ie to im use ed « 


fie Designs ee ae better than average~ 


resistant materials. 4 


2. Coil constructions where the windings are. 
and well eae : 


This proposal is made because: 
1. It will result in smaller and lighter acai an 


electrical inertia and, therefore, faster contac 
tion. The. lighter cee also will promote 


2 Experience with many thousands of coils 
under the present National Electrical Mar 
Association — temperature limits over ma 
service has been satisfactory. 


3. Present day coils uttlizing new synt tic 
materials and improved methods of | 
have superior life expectancy. 


4. The small size, ae of consteu 


control service. eek isd 


4 


Control: = 


Motor; G. F. Yalow it 7 Rain (4 
cents. This es describes the sh 


motor to Een speernadede con 
ting resistance in parallel with the a 
in addition to series line resistance, resul 

a method of obtaining slow-down cont 


cost. A simple graphical method is Pp 
sented for obtaining the required vy: f 
shunt and series resistance to give-two speci 
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Wa! aM 7 . oa? 
y 5 


eS ; eens points. An analytical proof 


of the method also is included. 


96169—Progress in Impulse Testing of 
Transformers; J. H. Hagenguth (M44). 
30 cents. The paper describes briefly the test 
circuit and test procedure for impulse testing 
of transformers. The methods of failure de- 
tection and the complexity of the impulse 
test are discussed on the basis of experience 
gained in making design and commercial 
impulse tests on several million kilovolt- 
amperes of transformers. Experience has: 
shown that not all failures can be detected 
with present methods. The best and most 
reliable method available at present is the 
direct comparison by superposition of cath- 
ode-ray oscillograms. Normal frequency 
excitation, simultaneously applied with the 
impulse, has been found inconclusive as a 
failure indicator. It not only increases test- 
ing time, but also requires protection prac- 
tices which are apt to obscure failures. A 
new method of failure detection is described 
which is capable of detecting failure of one 
turn in 1,350 turns. This method should 
prove very useful as an accurate failure in- 
dicator. } 3 


44-171—The Design and Operating Char- 
acteristics of Modern Dry-Type Air-Cooled 
Transformers; W. W. Satterlee (M47). 15 
cents. This paper describes and discusses 
modern dry-type air-cooled transformers 
which are constructed with class-B insulation 
and combinations of organic and inorganic 
materials. These transformers will operate 
satisfactorily at relatively high winding tem- 
peratures because their insulation structure is 
designed and arranged to use basically in- 
organic materials where temperatures in 
excess of 130 degrees centigrade are attained. 
The results of tests and operating records 
show that the effects of humidity are unim- 
portant and that overloads in excess of 150 
per cent of rated load may be carried for long 
periods of time without detrimentally affect- 
ing the electrical and mechanical properties of 
these transformers. 


17 4—Interlamination Resistance; eR. ¢ 


Barton (A°30). 15 cents. In laminated core 


structures for transformers and rotating ma- - 


chines, the need for adequate interlamination 
resistance becomes more necessary as the core 

structures increase in size. A method for 
determination of the minimum interlamina- 
tion resistance required in terms of the core 
and its operating conditions, for any degree 
of stray loss, is developed, resulting in a simple 
equation. A typical application of the equa- 


tion is illustrated: The desirability of quality | 


control of the interlamination resistance of 
finished laminations is reviewed by stating 
the need for measurement of the resistance at 
maximum operating temperature, pressure. 
and stray loss voltage in the core structure to 
assure tages ayia insulation of the lamination. 


44-175—Transient Performance of Induc- 
tion Motors; F. J. Maginniss (A’43), N. R. 
Schultz (A°40). 25 cents. This paper presents 
the results of a differential-analyzer study of 
the equations of induction-motor perform- 
ance. The effects of rotor mechanical load 
and inertia are included in the analysis. 
Specific solutions are shown for a number of 
cases including full-voltage starting, plugging, 
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_ when applied to the harmonics. 


voltage dip, and short circuits, with emphasis 
placed on the transient motor torque and 
current obtained. Comparisons are made 


- between the steady-state and transient speed- 


torque characteristics. 


44-176—Differential Leakage With Re- 
spect to the Fundamental Wave and 
to the Harmonics—Integral-Slot and 
Squirrel-Cage Windings; M. M. Liwschitz 
(M ’39). 30 cents. The standard theories of 
differential leakage do not consider the damp- 
ing of this leakage by the currents induced 
in the secondary winding. They fail entirely 
A calcula- 
tion of the parasitic torques and forces pro- 
duced by the harmonics in induction motors 
and salient-pole synchronous machines is not 
possible on the basis of the standard theories 
of differential leakage. The object of this 
paper is to derive formulas for the differential 
leakage of integral-slot as well as fractional- 


slot windings taking into account the in- 


fluence of damping, number of slots of stator 
and rotor, fractional pitch, and skewing. 
Special attention is paid also to the slot 
openings which in machines with open slots 
influence very considerably the slot har- 
monics. Curves are given which make it 
possible to calculate the differential leakage 
in a simple way. The integral-slot and 
squirrel-cage windings are reatce: 


44-177—The Nature of Vibration in Elec- 
tric Machinery; TJ. D. Graybeal (A’38). 
cents. Vibration in electric machinery is the 
result of a number of contributing agencies, 
some mechanical, others electromagnetic in 
origin. Features of mechanical and electrical 


_ design and construction which give rise to 
these agencies are discussed. The general 


character of the vibration which each agency 
produces is explained, as well as how different 


“agencies combine to produce the resultant 


machine vibration. Where excessive vibra- 


tion is encountered in the field, methods are 


outlined for ascertaining the major agencies 


_responsible, so that corrective modifications 
may be made which will be effective in re- 


ducing the resultant vibration. These meth- 
ods are applied to motor generator sets 
driven by two-pole induction motors to as- 
certain the cause of a particular type of vibra- 
tion characterized by the vibration ampli- 
tude increasing and decreasing in uniform 
cycles twice during each revolution of motor 
slip. In this way the agencies which give rise 
to this particular type of vibration and how 
they may be controlled to keep the resuJtant 
vibration to a satisfactory minimum are ex- 
plained. 


44-170—High-Voltage Compressed-Gas 
Power Transformers; H. M. Hobart (F’72). 
75 cents. Proposals made at various times by 
H. J. Ryan, P. N. Nunn, A. A. Boelsterli, 
H. H. Skilling, and others, and important 


original suggestions of colleagues, notably 


W. W. Lewis and G. B. Warren, have been 
fitted together in the present paper into a 
high-voltage’ compressed-gas system which 
embodies features required by the modern 
needs of the electric-power industry. Of 
such is the provision, without incurring fire 
hazard, of the great economies of load-center 
operation at indoor locations in industrial 
plants. The system also provides decreased 


Institute Activities 


20° 


4 


weights and costs of power transformers in 
general as Well as longer life and greater 
capacity for sustained overloads. The pro- 
portion of the cost of transmission systems 
which is represented by the transformer 
outlay would be lessened very considerably 
by the employment of designs for higher 
periodicities of 600 cycles or more. Such 
periodicities cannot be used in long-distance 
overhead transmission lines because of 
corona, but it is proposed to associate the 
use of high periodicity with transmission 
conductors located in underground pipe 
lines containing a suitable gas at such a 
compression as to raise adequately the ioniza- 
tion limit. By means of such a system, 
using voltages greater than would be prac- 


ticable with overhead lines and also using 
_ some such periodicity as 600 cycles, stable 


transmission can be provided for greater 
amounts of power than heretofore and for 
transmission over greater distances. 


’ 


Electric Welding 


44-101—Rating of Electric Equipment 
Under Intermittent Load; Myron Zucker 
(M36). 25 cents. The duty-cycle method 
customarily used in rating resistance-welding 
equipment for intermittent load is satis- 
factory for some applications, but leaves much ~ 
to be desired in logic and frequently in ac- — 
curacy. For a given piece of apparatus it 


can be justified only under continuous repe- 


tition of fast cycles. Usually, however, cycles 
are long or are broken up into groups. 
Then use of “duty cycle” as a guide some- 
times overloads equipment and sometimes 
calls for excess capacity—which means un- 
necessary investment and higher costs. This 
paper studies ratings under a wide range of 
periodic heating cycles and explains how the 
rather arbitrary “maximum averaging time” 
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limit may be removed. It derives relations _ 


for long and for short cycles, for a limited 
number of repeats, and for continuous appli- 
cation. In short, it provides a straightfor- 
ward method for finding the temperatures _ 
reached within equipment that is carrying 
periodic load. Tests on an interleaved low- — 
voltage resistance-welding cable substantiate 
this analysis. 


44-105—The Design of Low-Voltage 
Welding-Power Distribution; C. A. Adams 
(F’73), J. R. Fletcher (A’36), A. C. Johnson 
(A’42). 30 cents. This paper is an effort to 
state clearly, and to present a solution for, the 
problems encountered in the design of one 
of the vital constituents of a-c resistance- 
welder power supply—the low-voltage feeder. 
The scope of the paper is much wider, how- 
ever, since the determination of design loads 


* 


from the probability standpoint for the pur- 


pose of determining maximum allowable 
impedance and expected temperature rise, is 
a problem encountered in the design of all 
equipment common to anumber of resistance- 
welding installations. The topics considered 


in the paper are: 


1. Definition of voltage regulation as it applies to 
resistance-welding equipment. 

2. Establishment of a criterion of good voltage regula- 
tion as defined. 

3. Application of the theory of probability to the deter- 
mination of maximum tolerable impedance and mini- 
mum copper section consistent with safe operating 
temperature. 
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4. Calculation of reactance of the ciate spaced < 


rectangular ‘bar-bus-type feeder, which -the authors be- 
Jieve is best suited for the job, and its nearest competitor 
for low reactance, the concentric tubular feeder. 


5. Calculation of maximum current capacity in terms 
of allowable temperature rise in the aforementioned 
type of bus feeders. 

6. Determination of force between conductors in flat 
bar bus under short-circuit conditions. 


Mi pela score Electronic Control 


for Capacitor-Discharge Resistance Weld-— 


ing; H. J. Bichsel (A’43), E. T. Hughes. 25 
cents. The resistance welding of aluminum 
-has become exceedingly important during 
the past four years. Aluminum is difficult to 
spot-weld because of its narrow plastic range 
and high thermal conductivity. However, 
the capacitor-discharge welding system is 
capable of welding aluminum on a produc- 


tion basis because the energy delivered to — 
__ each weld is controlled closely. This paper 


_. describes an electronic control for a capaci- 
__tor-discharge welding machine which in- 
corporates a new type of discharge circuit, 
an electronic flux resetting system to prevent 

_ saturation of the welding transformer, and a 


operation and low maintenance cost can be 
ie obtained. 
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. 44- 99—Voltage Transients i in Arc-Furnace 

_ Circuits; AIEE subcommitiee on transient volt- 
iat F ages in arc~ furnace circuits. 20 cents. The AIEE 
i subcommittee on voltage transients in arc- 
a _ furnace circuits was established four years 
‘a 4 ago to study field and laboratory data. This 
By “paper summarizes field data accumulated 
if and made available to the committee. In- 
f _ formation regarding ‘tthe transformer size, 
rated temperature rise, connections, voltage 
rating, and method of furnace grounding is 
3 tabulated with the system characteristics 
and magnitude of voltage transients re- 
oN corded. Charts are included to show that 
there is little, if any, correlation between 
“magnitude of the fransients and transformer 


_ the magnitude of transients experienced with 
the insulation levels of apparatus. 
of the data leads to the conclusion that the 

magnitude of voltage transients on the supply 
; _ side of the transformer is generally compara- 
ble to that of switching surges occurring on 
— power systems, but that the frequency of 
. - occurrence is very much greater. Prelimi- 
4 aery recommendations for further work, and 
_ for adequate insulation levels and protective 
devices are made. 


ven 100—Treatment and Casting of Metals 

by Electromagnetic Forces;, W. W. Hoke. 

- 20 cents. Metals are treated and cast by 

_ forces unidirectionally obtained by the action 

of field on current in the molten metal. Im- 

va “purity” elimination is improved considerably 

by these forces which increase the buoyancy 

of the metal on the impurities by adding to 

the forces of gravity. Other effects of the 

treatment are a type of agitation effectively 

overcoming viscosity and a temperature 

__~ gradient enabling progressive solidification in 

the direction of impurity elimination. In 

- casting, the metal is rendered extremely sen- 

sitive to displacement into the mold. A 

greater complexity of casting is made possible 
with a minimum of casting pressure. 
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' size or voltage rating. One chart compares - 
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44. 163—The Copheene Rectifier 


Electrochemical Work; J. R. ‘Smith (A 43). 
20 cents. 


Elcciyochentical applications are 
among the oldest in which the copper-oxide 


-rectifier has been used. They include battery 
charging of all types, cathodic protection of 


pipe lines, corrosion protection for water 
tanks, anodizing, and electroplating. Re-. 
quirements in these fields are described and 


examples of typical rectifiers for these uses 
shown. : 
closed type of rectifier of 30-kw capacity, 


Of special interest is a totally en- 


for electroplating. Information is given as 
to performance and life of both disk- and plate- 
type rectifiers. Short discussions are included 
on basic rectifying-element characteristics, 
unit construction, and the manner in which © 
ratings are established. Circuits commonly 
used for metallic rectifiers are illustrated and 


briefly described. ‘ a 


442164—Electronie Regularoe for Arc 


‘Furnaces; J. E. Reilly (A’41), GC. E. Valen- 
‘tine (M 41). 


15 cents. With the increased © 
use of arc furnaces in the production of alloy 
steel, new interest has been aroused in both 
old and new methods of automatic regulation 
of electrode position. The regulator de- 
scribed in this paper is an electronic type 
which controls electrode position as deter- 
mined by response to current in the electrode’ 
and voltage between the electrode and the 
furnace shell. Features and performance of 
an installation for a furnace having hydraulic 
control are illustrated. 


_ 44-165—Characteristics of Chlorinated Im- 


pregnants in D-C Paper Capacitors; L. J. 
Berberich (M36), C. V. Fields (A’41), R. E. 
Marbury (M°36). 25 cents, D-c capacitors 


_of the impregnated paper type play an im- . 


portant role in electronics equipment re- 
quired by the armed services. Some of these 
applications require good performance over 
very wide temperature ranges. A new 


- chlorinated hydrocarbon composition which 
maintains reasonable capacitance constancy 
over a wide temperature range is described. 


The properties of this liquid are compared 
with older chlorinated impregnants. Since” 


-some alternating voltages usually accompany 


the direct voltages applied to capacitors, the 
a-c behavior over wide temperature ‘and 
frequency ranges is described for capacitors © 
impregnated with three different liquids. 
The effect of voltage and temperature on the 
resistance of capacitors is discussed. Con- 
siderable attention is devoted to the life be- 
havior of capacitors impregnated with chlo- 
rinated liquids under d-c stresses at high tem- 
peratures. A life testing procedure is de- 
scribed which has yielded ‘very satisfactory 
results on capacitors of varying sizes and 
ratings.. A means involving the addition of 
stabilizers for prolonging the life of capacitors 
impregnated with chlorinated impregnants is 
discussed. Data showing the effect of a 
* “|: . 
number of stabilizers are presented, F inally, 
some data are presented showing the effect 
of voltage on the life of d-c capacitors. 


rat 


44-166—Induction Heating—Selection of 
Frequency; V. R. Stansel (M35). 20 cents. 


_ Induction heating is the use of eddy currents 


to raise the temperature of a conducting 
mass. An assembly for induction heating is 
a form of transformer. The equations of the 
circuits of this transformer are given (with- 
out derivations) in an appendix. The rela- 
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100 kva. 


part a brief presentation of th 
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H. F. Storm (A?42). 25 cents. 


(ee emect ae 


_ Herskind (M40). 


' rectifier circuits. 


Rear Ct 
ra, oF 


luraaee for gi Dor i Fas isa 
cation of induction heating for ) 
cycles is standard practice for “units 


44-167 “ACO-Appliegdaite of 
Radio-Frequency Generators 
Heating; E. H. Browning g 
Heating metals by means of 
tion is not a newly discovered 
war has done much to foster its r 
velopment in industry. . This paper 


practice of induction heating w: th 
emphasis placed on the ranges of fre 
obtainable and Wea Lith Of the 


to make their entrance int 
paper discusses the applicatic 
frequency generators to industr: 
heating work and points out th 


Seana 


44- 168—Surface. ‘Heating by 


effect ‘by induction has been an 
viously by means of partial ; 
tions whose solution are Bess 
is the object of this paper to analyze 


was stantoit that nein: vector 
to emt a expresiions. 


Sates te distrisiat nO 
the generation of heat, as 
pedance of the loaded indu 
sis is limited to the 
cylindrical shape, surroun dy 
alternating magnetic field, ks ei 


Electronics 


44-11—Analysis of Rectifier Circ 
Christensen (A?39), C. H. Willis (F 42), 
30 cents. This ‘pape 
sents a standard procedure for the ana 
‘While the general pri 
ples underlying the analysis of r 
cuits have been covered quite ful 
poe ema there i is not poe gpa 


syatenaanic aha ini ad es rea b 
engineers. It is the object of this paper 

present such a treatment. The 
scribes the methods used in di 
wave forms throughout the 1 
and in deriving the mathe: 
which apply. While the analy 
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“the widely use used ales double-wye circuit, the 
method is generalized so that it may be ap- 
plied to all types of rectifier circuits. Recti-. 
fier-circuit calculations and presentation of 
calculated data are facilitated by expressing 
the various characteristics in terms of the 
reactance factor. A comprehensive set of 
_ characteristic curves expressing the various 
“quantities in terms of reactance factor i is in- 


cluded: These curves should prove useful to 


design, application, and qnarstne engineers. 


4149—History and Deciicn of the 
Electronic Power Converter; E. F. W. 
_Alexanderson (F’20), E. L. Phillipi. 15 cents. 
The paper describes the evolution of the 
electronic converter from the mercury-arc 
rectifier. Mercury-arc tubes are subject to 
electronic faults which may develop into 

short circuits unless the situation is under- 
stood correctly. In the electronic converter 
_ we have, however, new means for controlling 

the power flow and suppressing the effect of 


faults so that they are of no practical conse- | 


_ quence. Three types of electronic converters 
are described and their use for such purposes 
as power transmission by direct current, non- 
_ synchronous links between a-c systems, fre- 
_ quency converters, operation of a-c motors at 
4 _ yariable speed, and transformation of direct 
current from high-voltage transmission to 
_ low-voltage motor circuits. The develop- 
ment of the electronic converter has, by 
"making a virtue of a necessity, led to a new 
point of view in dealing with system faults. 


| 44-145—Design of. ‘an: Blectronic. Fre-_ 


quency Changer; C. H. Willis (F’42), 
R. W. Kuenning (4°42), E. F.. Christensen 
» (4°39), B. D. Bedford (M ’°43). . 25 cents. 
The apparatus and design of a 20,000-kw 
electronic frequency changer, for inter- 
_ changing power between a 44-kv 25-cycle 
system and a 69-kv 60-cycle system is de- 
scribed. The power circuit includes the 
main transformers, current-limiting reactors, 
tube cubicles, and d-c link. The station 
consists of two 10,000 units displaced 15 
degrees to give 24-phase operation for the 
_ total station. A discussion of rectifier opera- 
_ tion indicates phase-angle control of the 
rectifier grids to establish the desired load 
and inverter grid control to maintain the 
margin angle required for deionization, 
Grid and ignitor power is supplied from a 
__ phase-shift network operated by d-c saturated 
_ reactors. The phase angle is controlled by 
an Amplidyne which furnishes the saturating 
current for the reactors. Recovery from 


rectifier and inverter faults is obtained by 


electronic means without opening any power 
circuits and with pay momentary loss of 
power. 


_ 44-147—Pentode Ignitrons for Electronic. 


Power Converters; H. C. Steiner (A’32), 
J. L. Zehner (Application Pending), H. E. 
Kuvers (A 43). 25 cents. The name “pen- 
tode ignitron” has been applied to a high- 
voltage tube used for rectification and inver- 
sion in electronic converters. It is a sealed 
steel tube having an anode, three grids, and 
a mercury-pool cathode. 
gas-filled type with control characteristics 
similar to those of the thyratron. An ignitor 

‘establishes a cathode spot at each cycle on 

the mercury pool. The cathode spot is sta- 


__ bilized at low anode currents by the use of an 


June 1944 


PA ad eon 
_ auxiliary holding anode. 


of use is ‘quite different. 


_ the two halves. 
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_ 125 per cent for two hours. 


The tube is of the - 


A ‘ -.n, 5 > } 

‘The functions of 
the three grids are somewhat similar to those 
in the pentode vacuum tube, but the manner 
The first grid, or 
one nearest the anode, is used as an inter- 
mediate anode to divide potential gradients 
across the tube during nonconducting 
periods. The second, or center grid, is used 
to control the starting of the conduction 
period; and the third, or outer grid, as a 
shield to permit rapid deionization of the 


space between the control and shield grids. 


The introduction of multiple grids in ignitron 
tubes provides certain characteristics which 
are essential to inverter operation. It is the 
purpose of this paper to describe some of 
these characteristics and the design and con- 
struction of the pentode ignitron tube. 
These tubes are the ones installed in the 
power converter described in the companion 
“papers: 44-143, 44-144, 44-145, and 44-146. 
44-160—Operation of Rectifiers Under 
Unbalanced Conditions; E. F. Christensen 
(A 39), M. M. Morack (M’42). 15 cents. A 
multiphase mercury-arc rectifier and its 


associated transformer is designed so that, 


under normal conditions, the currents in all 
circuit elements will be’ balanced and there 
will be no d-c components of flux in the 
transformer core. 
anode currents obtain when, for instance, an 
anode is misfiring or entirely out of service. 
When the rectifier equipment is operated on 
less than normal anode compliment, how- 
ever, the circuit is no longer symmetrical and 
the remaining anodes do not share the d-c 

load current equally. Under this condition 
a d-c component of flux exists in the trans- 
former core, and the interphase transformer is 
affected adversely by unbalanced currents in 
This paper describes the 
distribution of currents in the various trans- 
former windings and electric valves under 
various conditions of unbalance and deter- 
mines the effect of such unbalances on the 
rated load capacity of rectifier equipment. 


‘ 


44-144—-The Electronic Converter for 
Exchange of Power; Ff. W. Cramer (M ’40), 


L. W. Morton (A ’38), A.G. Darling (A pplication 


pending). 30 cents. A 20,000-kw electronic 
power converter to exchange power, reversi- 
bly, between the 25-cycle 44-kv and the 60- 
cycle 69-kv systems of the Carnegie-Illinois 
Steel Company went into operation in De- 
cember 1943. Installed in two 10,000-kw 
complete converters, both have met their over- 
load rating of 200 per cent for one minute and 
One unit even 
carried 125 per cent load for two weeks. 
The electronic converter output is held to a 
constant power output independently of 
relative system frequencies and voltages and 
may be reversed by selection of control cir- 
cuits. It contributes no’current to faults in 
the supply system—little more than load 
current to receiving-system faults while con- 
trols suppress power flow to internal faults. 
Switching is resorted to only for persistent 
faults. Reactive overexcited current must be 
supplied by synchronous apparatus of both 
systems, excess losses of which are chargeable 
to the converter. Efficiencies remain high 
throughout the load range. 


‘ 
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44- 146—Switchgear and? Control for Elec- 


Occasionally unbalanced 


desirability of automatically switching or 


and control to permit automatic sw 
tailed description of equipment and its 


_ alternative methods of sige is most. " 
ne 


- ’ nal ao , ¢ 
> - 


tronic Power Converter; W. N. Gittings 
(Application pending), A. W. Bateman. 15 cents. 
To the switchgear designer whose point of view 

is influenced so largely by the needs of the 
“man who operates and maintains” the elec- 
tronic frequency converter presents some new 
and interesting opportunities. The ease with 
which the converter is switched into and out of 
service and its output is controlled presents the _ 
opportunity of providing simple and at the” 
same time versatile controls by means of — 
which the operator can make the fullest use 7 
of the converter in meeting the varying de- 
mands of his system. The peculiar and ad- 
vantageous behavior of the electronic con- 
verter under system fault conditions permits” a 
the use of simpler system protective relays Me 
than are required when other types of con- — 
verter are used. The inherent ability of the We 


ren 


a 


‘converter to recover from the more common ye 


internal faults presents new but somewhat re 

simplified problems in the application eae 

relays for protection from internal faults.’ — “aa 
4 , a 


44-173—Application and Description of 


_ Automatic Control and Switching Equip- : 


ment for Capacitor Banks; 7. W. Schroeder — 
(M44), W. C. Bloomquist (A’43). 20 cents, % 
The use, in increasing amounts, of shunt 
capacitors for voltage improvement, power- 
factor correction, and release of circuit 
capacity by utilities and their industrial — 
customers,-is leading in many cases to the 


controlling the capacitors. This paper de- 
scribes standardized switching equipment 


function of voltage, current, “kilovars ; 
power factor. A line of equipment ‘is a 
scribed which covers the size and voltage - 
range of capacitor banks employed by i in-- 
dustrials and utilities. In addition to a de- 


operation, a discussion of the reasons for 
switching capacitors automatically is given; 
depending on the principal use that is made i 
of the capacitors (for example, voltage er 
power-factor control) it is shown when they 
should be switched and which of several 


=: 


applicable. 

44- 178—Extending the Use “6f! Shunt 
Capacitors By Means of Automatic Switch- 
ing; W. H. Cuttino (A’44). 20 cents. It is 
generally” recognized that the kilowatt load- 
ing on distribution circuits or plant feeders — 
may be increased substantially by using "4 
capacitors to supply the kilovar load and 
relieve the current-carrying system of hie 
burden. The use of capacitors to boost — 
voltage or actually to regulate voltage has 
increased during recent years. Automatic — 
switching of capacitors makes it possible to 
obtain the benefits of adding capacitors to 
take care of the full load kilovars without the | iy 
objection of excess capacitor kilovars at light “ 
loads. It not only makes it possible to apply — ; 
capacitors in the most effective manner from. 
the standpoint of meeting power-factor limits — 
established by the utility, but also provides a 
means of regulating voltage in the plant or — ‘ 
on the system. Capacitors may be switched a 
automatically by the same switching means 
controlling the load, or they may be switched 
in response to changes in circuit conditions ~ 
such as voltage, current flowing, or the in- — 


‘ 


231 


ductive kilovars drawn by the load. The 
advantages of the various types of control and 
the choice of the number and size of capacitor 
_ steps to be switched are fully discussed. | 
‘ re 


Instruments and Measurements 


44-161—A Resonant-Cavity Method for 
- Measuring Dielectric Properties at Ultra- 
- high Frequencies; C. N. Works (A°40), 
T. W. Dakin, F. W. Boggs. 25 cents. <A re- 


entrant cylindrical cavity has been adapted 
to measure the dielectric constant and power | 


factor of small disk samples of insulating 
materials. The disk of dielectric is placed 
between the flat ends of the cylindrical posts 
which form the re-entrant part of the cavity. 
‘The circuit is analogous to a less than one- 
quarter wave-length section of air-filled 
coaxial transmission line shorted at one end 
and ending in a ‘capacitor with dielectric at 
‘the other end. This cavity with the di- 
electric inserted is brought to resonance by 
tuning the frequency of a loosely coupled 
oscillator. The power factor of the dielectric 
is determined from the breadth of the reso- 
nance curve, and the dielectric constant is 
obtained by removing the disk of dielectric 
and decreasing by a measured amount the 
' “separation of the flat ends of the re-entrant 
_ posts until resonance again is obtained at the 
same frequency as previously. The precision 
_ differential screw for varying the extension 


- Bee ae &, 3° 


of the re-entrant post and other mechanical . 


details are described. Electrical coupling 
and detecting methods also are discussed as 
well as the theory of the measurements. 
a Each individual cavity can be utilized only 
over a frequency range of about 1.5 ratio 
_ from lowest to highest frequency. Therefore, 
several different-sized cavities would be re- 
' quired to cover a range of frequency from 
50 to 1,000 megacycles. An accuracy of 
- +0.00005 in tan 6 and +1 per cent in di- 
_ electric constant may be obtained in routine 
measurements. Because the cavity has a 
very high Q(>2,000), it is much more sensi- 
_ tive to low-power-factor dielectric samples 
than any conventional coil and capacitor 
‘resonant. circuit. 
ratus is simple and rapid and very similar to 
the susceptance variation technique now used 
at lower radio frequencies. 


Land Transportation 


44-92—Modern Motive Power for Soro- 
cabana Railway; R. L. Chapman (M30), 
O.. K. Kjolseth. 15 cents. 


- cabana Railway are the largest and most 
_ powerful 3,000-volt d-c meter-gauge units 
built to date. They weigh 286,000 pounds 

- with 238,000 pounds on drivers, have a con- 

_ tinuous rating of 1,910 horsepower, and will 
handle passenger, freight, and mixed trains 

_ on: the 87-mile double-track mountainous 
section between S4o Paulo and Santo 

» Antonio at a scheduled speed of 35 miles per 
hour for passenger, and 30 miles per hour for 
freight and mixed trains. The running gear 

~ consists of two three-axle driving trucks, and 
two single-axle radius bar guiding trucks. 
The truck frame, cab underframe, and cab 
are of welded construction, and incorporate 
throughout the use of fabricated subassem- 
blies. The six traction motors are built to 


aoe 


Operation of the appa- | 


The 20 electric~ 
locomotives being furnished to the Soro- 


Gearaie two in series on es 000 ue ee are 
of the commutating-pole force-ventilated | 


type with antifriction bearings. Axle-sus- 
pension bearings are waste-packed. and oil- 


_lubricated. Single reduction gearing is used. 


_A total of nine running steps in motoring is 
obtained by series, parallel, and reduced 
field combinations. Regenerative braking 
also is provided. The locomotives ‘have two 
operating positions—one in each end. ; 


44-96—Economics of Trolley-Coach Opera- 
tion; G. M. Woods (M’43). 15 cents. The 
trolley coach is receiving considerable atten- 
tion in the field of, city transit as a result of 
its ability to increase patronage and operate 
at low cost. Its proper field of economic 
application lies between the fields of the 
street car and the motor bus. There are now 
3,500 trolley coaches in operation in the 
United States and Canada. In 1943 they 
carried 8.7 per cent of all transit passengers. 


‘In the past 15 years many improvements 


have been made in the design of the elec- 
trical equipment of trolley coaches and in the 
overhead line material. These improvements 
have contributed to economy of operation 
and to the quality of the service. Material 
extensions of trolley coach service in the 
postwar period now are being planned by 
properties which have broad experience. in 
their, operation. - 


Marine Transportation 


44-142—Modern Cargo-Winch Control for 
Use on Victory Ships; F. H. Holt. 20 cents. 
After discussion of the operating character- 
istics required for the electric driven cargo 
winch, the manner in which these charac- 
teristics may be obtained by the use of a 
properly designed motor control is outlined. 


_The power circuit used for each operating 
point and the reason for its use is given as well 


as such interesting features of the control 
circuit as the explanation of the means by 


which both rapid acceleration’ of a load and 


smooth deceleration of a load from high 
speed may be obtained. The problems en- 
countered in incorporating the control equip- 
ment in a waterproof enclosure mounted on 
the side of the winch are explained. The 
design and testing of the ventilated resistor 
located in the waterproof enclosure and the 
method of selection of the thermal switch to 


_ protect the resistor are reviewed. 


44-159—Fault Protection on Shipboard 
A-C Power-Distribution Systems; H, G. 
Rickover (Application pending), P. N. Ross. 30 
cents. Because of the upward trend in electric- 


‘power requirements on shipboard and the 


consequent growth in size, importance, and 


_ complexity of the power system, the applica- 


tion of fault protective devices has become a 
major factor in designing shipboard power- 
distribution systems. In particular, greater 
emphasis must be placed on the analysis of 
switching transients, fault currents, and the 
co-ordination of the various protective devices 
to ensure adequate protection combined with 
maximum, reliability and continuity of 
service. Conventional methods of securing 
fault protection on low-voltage a-c systems 
have a number of shortcomings in meeting 
the requirements of marine service. 
larly outstanding in this respect are the 
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- computing load; 


. cents. An accurate estimate of 


Power Generation 
44-98—The ‘Stmmaton of Load Cc r 


- conditions offer engineers a ch 


_ determining their cause. 


the Nash eT of eee sgevin an 
calculation of fault currents. 2 


R. F. Hamilton (M°18). 25 cents. 


utilize equipment to the utmost and 
arrange capacities according to. nee 
Peacetime economic controls no | 
govern, This paper develops meth 
the addition of 
which are stinilay except for ti 
addition of loads with various lo 
eaviaion elements as oT ee to 
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load is essential to the reliable 
operation of an electric system. 
variations usually reflect weathe: 
If any phase of the weather is 
the ee thete: jee 6 Be a 2 


fixed ah efits isiniehs ac 
The other, a variable quantity, the effe t 
weather. Correctly weighting this 
quantity promotes greater accuracy 1 
estimating. Occasionally anot 
nent indicates public response to 
of unusual interest. This differe: i 
in assessing unusual load variations < 
To supple 
official weather forecast, existing 
conditions are weighted by the load 
patcher two hours before peak time 
final estimate made. If there is an 
the load estimate, its cause probably nT 
immediately apparent in changing weai 
conditions. 

44- 107 ios nidons aatannae th 
nomic Selection of Prime Movers; B. G. A 
Skrotzki. 30 cents. This paper attempts 1 
clarify the effect of various controlling con 
ditions on the magnitude of the ey. 
constants used to select the optimu: 
mover to be added to a system with 
ing load. A hypothetical load has been set 
up which is assumed to grow at a known 
constant rate. By fixing on a policy of equal- 
sized units with two units being installed 
reserve and one unit operating reserve q 
gardless of load magnitude, the progress 
the individual generating units from the base _ 
to the top of the load curve can be studied 
readily. With the fundamental mechanics 
of the problem delineated the effects of unit 
availability, unit life span, rate of load 
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growth, load cycle, load factor, unit capacity, | Changes in bus requirements have led to the _ effect on steady-state stability of supplying 
and’ system reserve policy are analyzed. adoption of the ring bus as the standard bus __ kilovars in the load areas is also determined. 
From this analysis certain principles are installation in the generating and distribut- For the interconnected system, the effects on 
apparent. Among the most important are: ing stations of a large midwestern power the transient-stability limits of the relative 
i. Historical data of past and present prime méver  SyStem. The first bus layouts in this power __ sizes of the two systems and the fault-clearing 
experience are of very limited value. system. employed the straight-line bus but, times, for either type and rating of inter- 
2. Evaluation constants for future prime movers are because of changes in the methods of system mediate kilovar source, are determined. 
bis fixed in magnitude and must be redetermined from operation, improved quality of equipment, The steady-state limits are also investigated. 

ime to time for each individual system. : a : : +s . 

: : and other requirements, the ring bus was In general, it is shown that the difference 
Having demonstrated the relative importance found to have certain desirable features. between the effects on transient and steady- 
of the various controlling conditions this The paper describes the electrical connec- state stability of large capacitor banks and 
work concludes with a recommended pro- _ tions and the operating characteristics for the | synchronous condensers is small. 
cedure for determining the evaluation con- various forms of the straight-line bus and j ; 


stants for any practical case. ring bus. It shows why it is advantageous to . ; 
use the ring bus from the viewpoints of 44-119—A Method of Approach to the 
tee! Sis : _ Consideration of Power-Distribution-Sys- 
Power Transmission and by i Besibilley of. councetons. tem Costs; O. B. Falls, Jr. (4°39). 20 cents. 
Distribution ; 2. Ease of providing relay protection. The purpose of this paper is to present a z 
3. Simplicity of maintenance. : generalized method of approach to the con- 
44-114—The Measurement of Lightning 4, Economy in investment, F sideration of power-distribution system costs 


Currents in Direct Strokes; G. D. McCann : 
(M °44). 20 cents. The magnitude’ ‘and This paper also contains the results of studies 
wave shape of the discharge currents investigating the application of the ring bus the three basic elements which make up the 
from 46 direct strokes have been meas- to high-voltage transmission terminals. so-called distribution system. These ele- 
ured during a five-year period at 25 9 | ments are: a. 

direct-stroke recording stations on structures 44-117—Capacitor Installation at New- . 

ranging in height from 75 to 585 feet. — port News; V. R. Parrack (M ’37), E. L. 1. The subtransmission circuits supplying | the distribu- 
Measurements have been made with instru- Harder (M47). 25 cents. To meet a pre- tion substations. 

ments capable of recording the wave front dicted reactive load requirement of approxi- 2 The substations which transform from the sub- 
and tail of the high-current peaks and the mately 15,000 kilovars, a large capacitor “““™™°" the Pure tele 

low-magnitude continuing currents to as low —_ hank was installed at Newport News. This 3 The primary distribution system. ‘a 
as 0.1 ampere. Photographs have been paper outlines the considerations involved in. Bee : : i ee 
made with special lightning cameras of 138 selecting the static capacitor and determining It has, been found that consideration oe 
strokes to open ground and 22 cloud-to- its novel design features. The 10,500-volt ©°t of any one of these parts without refer- 
cloud discharges. Data are given on the capacitor bank was made up of low-voltage | ©DCe the others may lead to erroneous _ 
frequency with which objects of various outdoor pole-type units which could be used conclusions as to the best over-all system from — 
heights are struck by lightning and the effect Jater in the distribution system. It was di- 2 ©°St standpoint. That is, the use of the 
of height upon the character of the discharge. _ vided into five sections with manual switch- minimum-cost design for one part may re- 
The principal characteristics of the lightning —_ing for control of voltage. Tests were made quire expenditures for the other parts result- 
currents are summarized and several unusual after installation to check the adequacy and 2g in an over-all system cost higher than 
recorded conditions are noted. Probability operating characteristics of the installation that necessary if all parts had been reviewed — 
curves are given on the range and frequency with regard to regulation, inrush currents, jointly and designs evaluated on an ens ’ 
of occurrence of the various stroke charac- voltages during switching, and effect on basis. This kind of approach, wherein all. * 
teristics including polarity, total charge, wave shape. The underlying theories of elements of the system are included, is be- — 
crest Current, wave front, time to half value, these phenomena are reviewed briefly in the lieved to be one which will give a complete — 


for various combinations of conditions when 
considering collectively the costs of each of 


and duration. : - paper to provide a background for interpre- picture of system costs. 
_ tation of the various test results presented. 
44-115—Transmission - Line Electric Tables, curves, and formulas for predicting 7 


‘Loadings; S. B. Crary (M °37).. 25 cents. inrush current magnitudes and frequencies ey He ages i of Insulated- i 
The electrical loading of transmission lines and voltages encountered during switching Ae A “ mie ( pore ee hae p 
depends. upon many factors worthy of review. are given. In general, the tests verified the os ), zi ¥ Ee 7 ) © cents. 
Transmission systems by the use of quick ability to predict the several performance . re cae oe a a jR I ee ene " 
switching, relaying, and modern design prac- _ characteristics and provided useful empirical ©, The Wea ple WOrsine ee OL Le eae ’ 
tices have overcome their stability limitations data on regulation. Inrush currents and M™ittee ts power. i : ve rie. 
to a very considerable extent. This progress voltages during switching were well within aoa Se cate ah demas -* ae OS ae 
indicates the possibility of further increasing the limits of proper application. Harmonics °% ae ea 4 iter fee ‘ er aaa 
transmission-line loadings. This paper is were not seriously increased. The positive MENE W1t peau Fis oh a a ete stan 
devoted to discussion of real and reactive results of these tests provide a satisfying transient Pe ore 7 oa ary! 
Josses and stability limits of transmission lines | bench mark on the road to larger capacitor wy oni ao Ae r ue tap fste Hs tage. 
from 50 to 300 miles in length, with arather _ installations in single banks. ice i, j pitteee nies. re. ee ee 
complete discussion of the characteristics ofse Of all-available: publlhedl aitl cap lnaeee ; 
the 100-mile line which was taken as anim- —_44_418—Capacitors, Condensers, and Sys- data as well as some new test results. The 
portant representative length for the trans- tem Stability; J. W. Butler (M’38), T. W. — significance of this information is discussed 
‘mission interconnections now existing. The  ¢rhroeder (M’44), W. Ridgway (A’47). 30 from the standpoint of overvoltages due to 
real and reactive and their incremental losses .,,:, This paper reports a study comparing lightning and switching to determine when 
are given in terms of dimensionless quantities the performance from the stability stand- protective measures are necessary.  Seandanal 
which are applicable for lines of any length point of a system using a large capacitor metho ae Or pulse tests on cables are 
and voltage. Low resistance conductors are hank with that of the same system using a recommended. res 
_shown to have additional advantages beyond» ,chronous condenser of the same rating at oe Tet ‘ 
that of reduced real power losses, such a the same location. Two general types of “ 
increased stability limit, reduced reactive = systems were studied, the so-called “inter- 44-131—Cyclic Movement of Cable—Its 
_kilovolt-amperes required for transmission, ’ connected” and the isolated or “noninter- . Causes and Effects on Cable Sheath Life; 
and a more equal distribution of the reactive connected.” For the noninterconnected C. S. Schifreen (M43). 30 cents. The rela- 
kilovolt-amperes requirements between send- system, the effects on the transient stability tionships between loading, conductor-tem- ~ 
_ing and receiving ends. » of the hydroelectric station inertia, transient perature changes, movement in manholes 
reactance, fault-clearing times, and so forth, and ducts, and sheath life of paper and lead 
44-116—Ring Buses for Generating and are determined for either type of kilovar cable are discussed on the bases of operating ~ 
Transmission Stations, £. L. Michelson source of various ratings (condenser or ca- experience, field surveys, and laboratory 
(4°37), J. P. Galassini (4°38). 20 cents. pacitor) located at the receiving end. The  tests.. The paper evaluates the factors re- 


‘ 
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_ sponsible for the large percentage of non-_ 
inherent failures attributable to the physical — 

_ proportions of underground structures on a 
large mileage of 15-kv three-conductor belted | 


cable. The tests and operating experience 
indicate that unsatisfactory sheath life can 


result from daily cyclic movement of cable, 


although it may be operating at temperatures 
allowed in standard cable specifications. 
Modern paper insulation can withstand 

_ these temperatures safely as reflected in the 
relatively few inherent failures. Snaking of 
cable in ducts may impose severe cyclic 
strains and become the determining factor 
_ for optimum sheath life. Based on these 
tests, a method was developed for computing 


sheath life for given cable offsets and move-— 


ments at the duct mouth. 


‘vl . 


_ ship Between Temperature and Move- 
_ ment of Cables in Ducts; C. T. Nicholson, 
_ T. J. Brosnan (M34). 15 cents. This paper 
| _» describes the field tests which were made to 
determine the relationship between cable 


V ceporatutes: and cable movement in the ; 


a ‘manholes in an underground cable installa- 
a tion in Buffalo, N. Y. The special equipment 
and the testing procedure are described, and 
"the test measurements are given in the paper. 
The results of the tests indicate that, in the 


¥. area where the tests were made and for 
. average cable section lengths, the practical — 


puererating factor is about one millimeter of 
realized longitudinal expansion per degree 
centigrade increase in sheath temperature. 
The test results suggest an explanation of 
how the cable expansion develops during 
__ temperature chase from diferent causes. 


bay’ 7 
~ 44-133—Gas-Filled Cable Research and 
ne ‘Experience; G. B. Shanklin (M°29). 15 


ae Operating experience for the past 


five years with low, medium, and high-pres- ‘ 


sure gas-filled-cable installations is briefly 


outlined. Research and test data on gas- 


filled cable are presented and analyzed. 
, ionization starting voltage as a func- 
tion of gas pressure ranging from atmospheric 
eto 225 pounds per square inch, is compared 
v with theoretical results and the significance 
of, this. starting voltage as related to practical 
4 -gas-filled-cable design is explained. Long- 
_ time load-cycle endurance tests on gas-filled 


aK _ cable, covering a wide range of impregna- - 


_ ting-compound viscosities, are presented, 
_and the self-grading and self-healing proper- 
“ties of gas-filled cable are shown to be related 
3 Fata the viscosity of the impregnating com- 

7 pound, These beneficial properties increase 
a in efficiency with decrease in viscosity, and 
i. the corresponding increase in mobility of the 
_, impregnating compound as a result of the 
“ compound’s being drawn into voids and 

_ other critical locations by the electrical stress 


Spied, An optimum range of compound 
viscosities for best all-around results is 


demonstrated. — a 


“ - 44-134—Operation of Low-Pressure Gas- 
- Filled Cable; C. 7. Hatcher (M’37). 15 
cents. In papers presented before the AIEE 
in 1939 and subsequent years the theoretical 

aspects of paper-insulated cable utilizing gas 
_ as a pressure medium were discussed. Ex- 
tensive laboratory test data were presented 

indicating the expected life of this type of 
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44-132—An Investigation of the Relation- 


6 th ees “ga . eee 


‘cable, This paper ina factual aad on 


the actual operation of low-pressure gas-filled 
cable of various types on the system of a large ‘ Engineering 


"utility... The operating record for five years is 


presented and appears to substantiate pre-— 


vious laboratory data. The paper is the 
most comprehensive treatment of the subject _ 
pertaining to operating problems and experi- 


"ence ‘yet published. » 


_ J. M. Wallace (A°41). 


aeo are given. "s ¥ 


Protective Devices 


44-93—Current-Transformer Output and 
Application Charts; R. Koller (A’43). 
cents. In recent years a great deal of effort 
has been spent ‘on the simplification of 
characteristic curves for multiratio bushing- 
type current transformers for relaying serv- 
ice. This paper describes a simplified 
chart from which the ratio error can be 
determined for any value of primary cur- 


rent, any number of secondary turns, and protection of a transmission lin 


any value of secondary burden. The volt- 
ampere output of bushing-type current 
transformers at low primary currents is 
small and, in order to obtain optimum. 
performance of relays, careful tuning between 
transformer taps and secondary burden is re- 
quired. The volt-ampere—output character- 
istics are analyzed and a simple application 


chart is developed for tuning of relays and An electronic trigger circuit 


transformers. The use of the chart is ex- 

plained in connection with various examples 

applied to commonly used relaying circuits. 
av t os : 


44-97—Fusing Practices on Distribution 
Systems—II; J. S$. Parsons (A ’27), 
75 cents. Part I, 
recently presented, described the fusing 
practices now in use on about 150 systems 
operating below 5 kv. The present paper 
contains data gathered from the same operat- 
ing companies on systems between 5 and 
15 kv: 
lated for different circuit conditions. Charts 
showing the minimum size fuse link used and 
the maximum number of sectionalizing fuses 
astiog tk Pneumatic Mechanism for 
Outdoor Oil Circuit Breakers; L. J. Linde’ 
(A’39), E. B. Rietz (A’42). 15 cents. The 


power required to operate the contacts of a tems are described. The 


‘circuit breaker is a function of its operating 


speed. The high operating speeds of modern _ bination with a roller cl 


tank-type oil circuit breakers often demand — 


_ power beyond the capacity of existing con- 


trol power sources. “This power demand may 
be reduced very considerably if energy stor- 


_age is used at a circuit breaker location. 


This paper describes the use of such stored 
energy in a compressed-air pneumatically 
trip-free mechanism for outdoor oil citcuit 
breakers. Its simple design and low power 


demands add to its reliability and simplify Problem since the 


the problems of application. Alternative 
methods of energy accumulation are dis- 
cussed and the operating characteristics of 
the more usual prime movers for circuit 
breaker operators are briefly compared. 


~ 


44-104—Bibliography of Relay Literature, 


1940-43; Interim report by the working group of which are relatively expensive 


the relay i dbctoranaitiee of the ALEE committee on 
protective devices. 30 cents. This report lists all 
important articles on the subject of protective 
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15 


Transformer fusing practice is tabu- — 


Ripere ey makes it hence: to 


which combines the simplicity 


| 44-157—Protection 


' station are described i in detail. 


voltage breakers, in w 


_and selective opening is 


_ cations of the’ 
“has been available 
the relay _ subcommittee in 
and to the general public only » 
intervals. However, the cc 
subcommittee was that the 
relay problems brought — about 


by 


ae: time. 
the paper, ‘iguliceveney ae | 
ture, 1927 to 1939,” published in 
by the. Be os >i 
E ad Na 
44-135—A New Carrier’ Rel; 
T. R. Halman (M43), S. L. 
(M43), H. W. Lensner (A°43), A 
15 cents. The many acwadtaces of a si: 
relay for complete phase and | 


reaeen in modern sek he 


aatelesdltaee aueasies prop 
rents at the two ends of a 
power-line carrier instead of | 
new relaying system has b 


protection with the versatility 


energy from both 
pulses are received at 
compared with the 
local single-phase 
whether an internal or 
An intermittent carri 
the carrier channel is a 
functions. Laboratory and fie] 
sPiaad the depen of the n 


“uae in "O28. oe ee 
Short-circuit conditions of 


_ bucking-bar-holding-type 


speed operation. The 
modernization of a large ro 


4, 
44-158—Lmproved) Selective T1 
Low-Voltage Air Circuit Br 
West (M’28). 15 cents. | 
low- voltage interru : 


they were used in s 
similar to. those commo: 


devices have adequate i 


tive relays and by s 
insuring maximum 
loads. However, this r may 


with the power-consuming apparatt 

they supply. Special cascaded 

defined by the National Electrica 
a 


rub ee vet ae top 


oo 
Reerarers. Association permit the use of low- 
voltage breakers in certain parts of circuits 
where they may be subjected to fault currents 
above their interrupting rating. But this use 
‘of less expensive breakers imposes a more 
restricted interrupting duty cycle and more 
Maintenance is to be expected. Fully selec- 
tive tripping for isolating breakers in cas- 
caded circuits is not possible as main and 
group breakers must be allowed to open in- 
stantaneously if the current in the breaker 
next lower in the cascade exceeds its inter- 
rupting rating. This means a partial sacri- 
fice of continuity of power to normal circuits. 
New integral mechanically delayed tripping 
devices for low-voltage breakers soon will be 
available. They will have nearly constant 
time—current tripping characteristics between 
the minimum and instantaneous operating 
values. This will improve the. selective trip- 
ping of breakers in cascade circuits as back-up 
breakers can be kept closed safely until the 


be We then cd 


current exceeds the interrupting capacity of | 


the breaker next lower in the cascade. De- 


layed tripping at lower currents for selective | 


action is provided. These tripping devices 
applied in circuits where all breakers have 
full interrupting capacity and short time 
ratings will give selective tripping equivalent 

to that now provided by shunt-trip coils and 
one relays. 


44-172—A New Frequency Relay for 
_Power-System Applications; J. L. Black- 
burn (M444), H. J. Carlin (A’47). 20 cents. 
Applications of frequency relays to power 
} ‘systems are described in which the relays are 
used to disconnect loads or system ties during 
emergencies. The requirements of the fre- 
quency relays for these applications are 
analyzed and a new relay which satisfies 
these requirements is described. This relay 
has adjustable time delay and a wide range 
of frequency settings with minimum tem- 
_ perature and voltage error. 


Quality Coutrol 


_ 44-113-ACO—The Applications of Sento 


tics to Dielectrics; C. M. Summers (M39), 

K. E. Ross. 15 cents. The application of 

_ statistics to insulations brings forth three im- 

_ portant engineering problems which, here- 

_tofore, have not been given the consideration 
- they deserve. 


met. The Romaimcatians for a material must define ade- 


_ quately the characteristics of the insulating material. 


r, A method of evaluating the material must be fendie- 
lated to assure both the supplier and user that the 
_ material agrees with the specifications. 


“3. The material specifications must be irepalated into 
design practice. 


The value of statistical terms and methods 
“used in establishing a specification is stressed 
and control charts are suggested for deter- 


mining whether or not the material adheres 


to the specifications, Illustrations based on 
the electrical and mechanical properties of 
an insulation paper are used. The trans- 
formation from a material specification to 
design practice and test objectives takes into 


 aemeicidenie the time and temperature ele- 


_ ments which affect the breakdown of insula- 
‘tion material. The use of statistical methods 


for determining the factors of goicty, is con- — 


sidered, 


“a 
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J. W. White (A°’29) a canon: and 
general manager, Westinghouse Electric 
International Company, New York, N. Y., 
has been elected president and general 
manager. Mr. White first was employed 
by the Westinghouse Electric and Manu- 
facturing Company, in Pittsburgh, Pa., 
Detroit, Mich., and Chicago, IIl., as sales 
engineer from 1907 to 1918. En 1918 he 
went to Havana, Cuba, as manager for 
the Westinghouse International Company. 
He was made general manager of the 
Westinghouse Company of Japan, Tokyo, 
in 1925 and managing director in 1927. 
From 1931 to 1936 he was stationed in 
Buenos Aires, Argentina, as managing 


director of the South American company. 


In 1936 he was appointed general manager 
and in 1937 vice-president. G. H. Bucher 
(M’24) formerly president of the Inter- 
national company. becomes chairman of 


the board. Mr. Bucher is also president of 


the Westinghouse Electric and Manufactur- 
ing Company, Pittsburgh, Pa.. He was 
elected president of the International com- 
pany in 1932 and president in 1934. He 
assisted in organizing the Westinghouse 
Electric Company of Japan in 1925. 


Howard Maxwell (A’03, M’35) manager 


of the induction motor department, General 
Electric Company, Schenectady, N. Y., has 


retired. Graduating from the University of 


Kansas in 1900, he entered the General 


Electric Company as student engineer and — 


in 1903 was transferred to the a-c engineer- 
ing department. Entering the induction 
motor department in 1913 as superintendent 


he was made managing engineer in 1914 > 


and manager in 1918. M. H. Wells (A 
12) engineer in the induction motor de- 
partment .also has retired. Mr. Wells a 
graduate of Syracuse University entered 
the company as student engineer in 1902. 


-In 1903 he became engineer in the a-c. 


engineering department and in 1918 was 
named design engineer in the induction 
motor department. 


M. M. Kenneally (M’°29) formerly vice- 


president and sales manager, Porcelain 
Insulator Corporation, Lima, N. Y., is now 
associated with Joslyn Manufacturing Com- 


- pany. He also will act as special repre- 


sentative for the Porcelain Insulator Cor- 
poration. 


R. L. Bertolacci (A 19) hacatty oeeeiae 
with the Federal Power Commission, Wash- 
ington, D. C., is now on the electrical 
engineering staff of the California Railroad 
Commission, Los Angeles, with which he was 
associated as assistant engineer in 1934 and 
1935. 


J. S. Murray (A’21, M°31) chief siticata 
engineer, Follansbee Ww, Va.) Steel Corpora- 
tion, has been elected second vice-president 
of the Association of Iron and Steel Engineers 
for 1944. 
national treasurer of that association in 
1943. 


L. J. Westin (A’35) formerly assistant 
manager of the boiler department, Day and 
Zimmermann, Inc., Philadelphia, Pa., has 
received the commission of iigimenant, 
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Mr. Murray held the office of | 


junior grade, in the United States Naval 
Reserve, Ordnance Division. 


W. L. Hiscox (M’35) formerly of the long 
lines engineering department, American 
Telephone and Telegraph Company, New 


.York, N. Y., has been transferred to the 


general staff af the operating and eneico 
department. ; eal 


a 


W. R. Whitney (A -01) vice-president in’ 
charge of research, General Electric Com-. 
pany, Schenectady, N. Y., has been made an ne 
honorary member of the Electrochemical 
Society. Doctor Whitney was pe ty 


medalist and John Fritz peal for 1943. 
Ls 


R.H. Ranger (M 22) formerly major, Signal 
Corps, United States Army, has been pro- 4. 
moted to lieutenant colonel and is now chief FS 
of the Corps’ standards activities brancits = 


Red Bank, N. J: : F, 


C. A. Atherton (M °*42) formerly commercial — i 
engineer, Champion Lamp Works, Lynn, 
Mass., is ori the staff of the development _ 
engineering department of the Reynolieas 
Metals Company, Louisville, Ky. , 


G. S. Timoshenko (A’ 33, M ’*39) aiucciaie - 


_ professor of electrical engineering, ere ; 


versity of Connecticut, Storrs, is eases 
in research development for the Templetone | 
Radio Company, Mystic, Conn. ye 


H. W. Neblett (A’15, M’21) dceeiondeniae 
and new design engineer, Inland Steel Com- — ys 
pany, East Chicago, Ind., has been elected ’ ; 
a director of the Association of Iron and. a) 
Steel Engineers for 1944. 


oe 
R. E. Doherty (A’16, F’39) oreideea § 
of the Carnegie Institute of Technology, — 
Pittsburgh, Pa., has been elected honorary 
member of ine Engineering Institute of 
Canada. . 


De Gaspe Beaubien (A’07, M’21) Lot 
sulting engineer, De Gaspe Beaubien and | 
Company, Montreal, Que., has been at 
president of the Engineering Insite of ia 
Canada. ar. 


T. H. Hogg (M°31, |, F°38) chaiecah and 
chief engineer, Hydro-Electric Power Com- 
mission of Ontario, Toronto, has been ap-— a 
pointed to represent Canada on the public ~ 
utilities committee of the United Nations. 
C. T. Hurd (A°37) formerly salesman, o 
Allis-Chalmers Manufacturing Company, — 

Seattle, Wash., has been named central 
station specialist. Mr. Hurd has been em- & 
ployed by the company since 1935. | 4 
A. F. Duernberger (A’40) formerly com- — 

mander in the United States Naval Reserve 7 

has been promoted to the rank of captain by 
and is the commanding officer of the Naval — 


Training School, Iowa State College, Ames. 


J. W. Barker (M’26, F 30) dean, faculty — 

of engineering, and professor of electrical — 
engineering, Columbia University, New — 
York, N. Y., recently received the honorary ~ 
-degree of doctor of laws from Union College. 


J. H. Hagenguth (A ’28, M’44) electrical — 
engineer, General Electric Company, Sche-_ 
nectady, N. Y., has been appointed a mem- 
ber of the American Standard Association’s . 
committee on sphere gap standards. 
W. P. Bear (M ’22) retired engineer, Pacific _ 


Gas and Electric Company, San Francisco, 3 
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ee ae 


_ Calif., now is affiliated with the United States 


i 
' 


+t 


x 


As 


vt 


} 


led 
7 


2 


- electrical superintendent. 


Maritime Commission, Oakland, Calif. 


H. P. Liversidge (A712, F 43) president, 
Philadelphia (Pa.) Blectric Company re- 
cently was honored with the degree of doctor 


of science by Drexel Institute of Technology. 


J. W. Gore (A’41) formerly foreman, elec- 
trical department, Bethlehem Steel Com- 
pany, Baltimore, Md., has been made 


RG Young (A ’29) formerly alee engineer, | 


Kuhlman Electric Company, Bay City, 
Mich., has been appointed assistant sales 
manager. 


M. L. Waring (A’29, M36) formerly cap- | 


tain, ordnance department, United States 
Ree is now a major. 


George Wilbur Hubley (A’94, M’00, 
F ’26) consulting engineer, Louisville, Ky., 
died April 8, 1944. Born in Pittsburgh, 
Pa., May 9, 1870, he commenced his career 


in the student course of the Westinghouse 


_ Electric and Manufacturing Company, East 
Pittsburgh, Pa., in 1887. 


In 1890 he be- 
came construction superintendent for the 
Citizens Traction Company, 


_ From 1893 to 1915 he was superintendent 


% 


and chief engineer of the Louisville Gas and 


Electric Company and from 1915 to 1918 
_ general manager and chief engineer of the 


Indianapolis, 
trative engineer in Louisville for the United 
States Fuel Administration in 1918. 


Heat and’ Light Company, 
Ind. He was fuel adminis- 


Mechanics 


1919 he had carried on a consulting practice 
in Louisville. He served as engineer with 
the ‘Public Utilities Bureau of the City of 
Louisville from 1923 to 1935 and consulting 
engineer for the State Board of Charities 


-and Correction from 1920 to 1924. He 


> 


~ Association, 


oe Gardner 


was a member of the American Society of © 


Mechanical Engineers, the American Gas 
the Sons of the American 
Revolution, and the: Louisville Foexy of 
ees) 


Wood (A’23, M ’28) 
electrical engineer, Worthington Pump and | 
Machinery Corporation, Harrison, N. J., 
died April 4, 1944. Mr. Wood, who was 

born August 2, 1891, in Jacksonville, TlL., 

received the degree of bachelor of science in. 
electrical engineering from the University 
of Illinois in 1914. He entered the graduate 
student course of the Westinghouse Electric 
and Manufacturing Company, East Pitts- 
burgh, Pa., in 1914 and in 1915 was trans- 
ferred to the switchboard section. 
made switchboard expert for the company’s 
New York (N. Y.) District office, in 1916 
and except for 17 months service with the 
United States Army remained in that 
position until in 1922 he was placed in 
charge of the switchboard section. He was 
named consulting engineer in 1923 and 
district engineer in 1927. In 1931 he 
joined the electrical sales department of 
the Worthington Pump company as con- 
sultant. He was a member of the Elec- 
trical Association of New York. ' 
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Pittsburgh. 


Since. 


He was. 
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A 
H. W. Hough (A 08, M’13) Wise-prcalen? 
-and general manager, Cleveland (Ohio) 
Electric Illuminating Company died re- 
cently. Mr. Hough was born January 20, 
1885, in Baltimore, Md., and entered the 
electrical field in 1902 when he was employed 
by: the Consolidated Gas and Electric Light 
and Power Company, Baltimore, for which 
he did testing, drafting, construction, and 
substation layout. From 1907 to 1910 he 
was chief electrician for the Norfolk (Va.) 
‘and Southern Railroad. In 1910 he joined 
the Cleveland Electric Illuminating Com- 
pany and was made assistant to the chief 
electrical engineer in 1914. After a period 
of service as captain in the Engineers Corps 
of the United States Army, he returned to 
the company in 1919 as research engineer. 
He was appointed assistant to the president 
in 1923 and associate general- manager in 
1930. In 1934 he became aaa peng 
and general manager. 
Maxwell Henry (M ’32) associate professor 


of -electrical engineering, school of tech- 
nology, College of the City of New York, 


N. Y., died April 7, 1944. Born in New 


York City, December 26, 1897, Professor 
Henry was graduated from the College of 
the City of New York in 1924 with the 
degree of bachelor of science. He 
obtained a master electrician’s license in. 
1918. In 1924 he was appointed instructor 
in electrical engineering at the College of 
the City of New York and was made assistant 
professor in 1930. In 1940 he 
“associate professor. 
for the New York State Civil Service Com- 
mission and one of the designers of the new 
Hunter College and Queens College build- 
ings in New York abe 


Victor Pont Northup (A°39) super- 


intendent of distribution and transmission, 
Scranton, (Pa.) Electric Company, died 
February 4, 1944. He was born November 
20, 1888, in Glenburn, Pa. He worked as 
Sie and switchboard operator for the 
Atlantic City (N. J.) Electric Company 
in 1906 and 1907 before joining the Scranton 
Electric Company in 1907 as turbine and 
switchboard operator. He 
station operator in 1908 and meter tester 
in 1909. He served as district representative 


. efor the company at Archbald, Pa., from 1910 
to 1912 and in 1912 was made service in- — 


spector and field engineer. He was ap- 
pointed distribution and transmission engi- 
neer in 1922 and superintendent of dis- 
tribution and transmission in 1929. 


Edwin Richter Pearson 
retired electrical engineer, Portsmouth, 
N. H., died recently. Mr. Pearson was born 
February 6, 1863, in Portsmouth, and was 
graduated from Massachusetts Institute of 
‘Technology in 1888. He was associated 
with the General Electric Company through- 
out his engineering career. He was em- 
ployed as engineer in the transformer de- 
partment in Lynn, Mass., from 1890 to 
1895 and in Schenectady, N. Y., from 
1895 to 1908. ‘Transferred to Pittsfield, 
Mass., in 1909, he continued in the trans- 
former department. In 1917 he was named 
consulting engineer and in 1922 he returned 
to Schenectady as electrical engineer. He 
retired in 1934. 


(A?06,- M?12) 


~ 


4 “Institute Activities 


o 


~ ville, died recently. 


_ Recommended for Transfer 


had ~ 


v" Giroux, C. H., sf 


became 
He was a consultant. 


: Starbird, 


became sub- 
Bastedo, i. H., “contract. elec. engr., Anaco: a Wi 


if Bement, D. L. , vice-president, North¢ 


- Blaize, L. es asst. to vice-president, Dallas 


_ Clark, W. R., electrical research. engr. af Leeds &D Na 


' Frigon, Augustin, acting general mer .» Canadian Bro 


< ie =a 
se B. Seith (4°24, 


Tita’ Gas eS 


‘land, October 21, 1893, 
fe West of Scotland | 


sii ena ee de ee 
Arenas, Chile. From 1922 to 192 
sented pe Kas Pekean Works, 


sales eoameer in Mexico. 
employ of the Central Illinois 
Power Company, Peoria, in 1924 an 
the Southern Indiana Gas and 
Company in 1928. 
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The board of examiners, at its meeting ‘on Ma y 
1944, recommended the following members for 
to the grade of membership indicated. Any 
to these transfers should be filed at once with the nai 
secretary. : 


To Grade of F ellow 


Chandler, R. B., general mgr., Port Arthur 
ties ‘Commission, Port Ar Oo 


cial asst. to 
War Dept., Washin ton, D 
Knight, Norman, chief ‘engineer, western a 
Telephone Co. of Canada, Toronto, Ont., ad. 
Lewis, F. M., senior engineer, U. S. Army. ana 
, Bonneville, Oregon” He 
Lindsay, R. W., vice peeiee Mountain ‘States T 3 
; & Tel. Co., *Denver, Golo. 
McCormack, J. i. , asst. outside plant eng 
Edison Co. of N. Y., Inc., New York 
Reid, C. R., general supt., Shawinigan Water & P wer 
Co., Montreal, Que., Canada L 
L. C., transmission and protection = 
Texas, ‘Southwestern Bell ‘Telephone Co 


Texas ade 
- Wulfing, H. E., yt planning engr., Commonwealth 
Edison Co., hicago, Ill. rs ' 
10 to grade of Fellow :. ' be — 


To Grade of Member 


Ore. 
Aeteneant H. E., electrical engr., ~ Naval ord 
Lab., Washington, D. GC. ia? 
Auld, W. F, , chief engr., Lincoln Electric Co. « 
Ltd., Leaside, Ont, Canada 


Cable Co. > Hastings-on-Hudson, ES. 2 


Service C Co., Hammond, Ind. 


Light Co., Dallas, Texas 
Bowen; Pint; traction engr., City of Chic 


Buchanan, H. F., 


plication engr. = 
Go., Chicago, ail ai pias 


Butterworth, T., division head, Boston Edison ©o, 
Sos "Mas. 
Caen , elec. engr., Sargent & Lundy, Chicago, 


- 

8 es Co. »,Philadelphia, Ba: Bh 

‘ogbi designing engr., » Genera ectric Co. 
"Pittsfield, ha = % isi “eae 


Je 


See Cou Dallas, are 


Crosby. WwW » senior engr. ers El | Co, 
Phiedelphia Peet aa iphia cere 
Curtis, A. E., sets supt. of transmigsion, lines, 


Shawinigan Water & Power Co., Mo 
Delvin, R. B., chief of technical staff, Uni 
Ltd., Montreal, Que., Canada - 9 
Dunn, f. F., associate elec. -engr., “Tennessee Va 

‘a Authority, Knoxville, Tenn. 
a Remy engr., Carnegie Illinois Steel Corp., Chicago 


Elliott, R. D., chief engr., Dallas: Paes & Light 
eh ee Texas 
rbe, steel mill and metal worki: r., We 
inghouse E. & M. Co., E. Bituburgh, Pay” 
Exner, D. W., design engr. s ; Westinghouse E. & M. Co. 
Lima, Ohio 


* 


casting Ps Montreal, Que., 


G alain Canada 


planning engr., Cor 
a Lol tiga ts pnmonwealth E igon 


Ae. 
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_ Matzenauer, 


a nd ar 

4 we +4 " 4 

sore, C. W., chief engr., Clark & Wilson Lumber Co., 

Ag Portland, Ore. “id : a pages 

sore, J. W., supt., elec. dept., Bethlehem Steel Co., 
na agree d. ¥ 

tam . W.; engr., Commonwealth Edi Co. 

Methiccs Ur” nS Spe sy 

oe aeOmas owner, H. 8. Tittle Co., San Francisco, 


Holder, Edward, supt. of metering, Shawinigan Water 

_ & Power Co., Roars), Gue Cas. 3 
Jones, C. W., asst. elec. design engr., New England Power 

Service Co., Boston, Mass. 
oa T.B., Lieut., U.S. Naval Reserve, Chicago, Ill. 

, T. L., plant extension engr., Southwestern Bell 
a4 fel Pas t. Louis, Mo. 

‘napp, E. W., system planning engr., Shawinigan Water 
| & ‘Power Co., Montreal, Que., Canada: : : 
Lancto, J. W., engg. dept., Hartford Electric Light Co., 

_ Hartford, Conn. 

Martin, H. L., NW District Central Station Mer., 

_ . Westinghouse E. & M. Co., Chicago, Ill. 
McDonald, D. dz foreign wire relations engr., Bell 

__ fel. Co. of Canada, Montreal, Que., Canada 
Michelson, E. L., eos planning engr., Common- 
wealth Edison Co., Chicago, Ill. 
teen, J. W., research engr., Sun Oil Co., Beaumont, 
exas — 


_ Co., Ltd., Montreal, Que., Canada 
Nixon, J. A., engr., Southern New England Tel. Co., 
_ New Haven, Conn. 
Price, G: F., engr., Southeastern Underwriters Associa- 
tion, Atlanta, Ga. © a 
Ringer, R. L. 
Passaic, N. J. 

Robison, H. H., asst. regional utility engr., War Pro- 
‘duction Board, Dallas, Texas ‘ 

Shaw, H. N., consulting engr., Erie, Pa. { 

Sellers, L. R., senior elec. engr., Tennessee Valley Aus 
thority, Knoxville, Tenn. 


Steever, R. G. E., engr., General Electric Service Shop, 


a aise Texas 

Vencill,-G. J., hydraulic engr., Union Electric Co. of 
Missouri, ‘st. Louis, Mo. ’ . 

Webb, R. B., engr:, Southwestern Bell Tel. Co., Dallas, 


_ Texas . 
eae ae eee oa Sperry woe Co., Inc., 
ae H. R., Lieut., U. S. Naval Reserve, Cambridge, 
ass. 


Wolf, E. F., asst. to supt., Consolidated Gas Elec. Lt. & 
_ Pwr. Co., Baltimore, Md. , 
Wright, J. L., industrial sales engr., General Electric 
Co., Portland, Ore. 


31 to gradeof Member _ 


Applications for Election he 


|e have been received at headquarters from 
ie 


ollowing candidates for election to membership in 
the Institute. Any member objecting to the election of 
any of these candidates should so inform the national 
secretary before June 30, 1944, or August 31, 1944, if the 
applicant resides outside of the United States or Canada. 


To Grade of Member 


“Andrews, CG. F., Ill. Northern Utilities Co., Dixon, Ill. 


Baker, F. J., Elec. Pr. Board of Chattanooga, Chatta- 

_nooga, Tenn. ’ { 

Barnett, D. E., Memphis Light, Gas & Water Div., 
Memphis, Tenn. : 

Cerrillo, M., Mexican Gov., Mexico, D. F., Mex. 

Clark, K. R., Austin Co., Cleveland, Ohio 

oo, A. A., Allis-Chalmers Mfg. Co., Kansas City, 


. oO. 
Dorsch, E. O., E. O. Dorsch Elec. Co., St. Louis, Mo. 


Eberhardt, W. W. (Reelection), Alabama Pr. Co., 
_ Birmingham, Ala: ; 

Eltgroth, G. V., Bendix Aviation Corp., Towson, Md. 

Fellows, F., C. H. Stevens Co,, New York, N. Y. 

Fitch, L. C., General Elec. Co., Pittsfield, Mass. 

Gagen, J. M. (Reelection), Federal Pub. Housing Auth., 

New York, N.Y. < 

Gunnison, G., C. H. Stevens Co., New York, N. Y. 

Havas, V., Austin Co., Cleveland, Ohio ‘ 

Hillemeier, A. K., Mississippi River Pr. Co., Keokuk, 


Towa b . ie 
Johnson, K. C., Major, U. S. Army, Pine Bluff Arsenal, 
Ark, : 
aa P., Westinghouse Elec. & Mfg. Co., Baltimore, 
d. a 
Kline, C. M., Ajax Elec. Furnace Corp., Philadelphia, 
P. 


a. 

Kwasky, A. J., Hurley Marine Works, Oakland, Calif. 

Leavitt, A. J. (Reelection), Metcalf & Eddy, Engrs., 

; Boston, Mass. ; 5 

Leib, F. E. (Reelection); Copperweld Steel Co., Wash- 
ington, D. C - 


venture, : 5 b 
Mayo-Wells, W. J., British Air Comm., Washington, 
D.C 


McCann, GC. F., New York State Elec. & Gas Corp., 


et 

Mur L. 

Bcc, Butale, N.Y. 

Norwood, R. F., Chesapeake & Potomac Tel. Co. of 
W. Va., Charleston, W. Va. : 

Peterson, E. S., Jr., J. A. Jones Const. Co., Brunswick, 
G 


a. 

Potts, W. R., Atlantic Steel Co., Atlanta, Ga. 

Prendergast, R. M. (Reelection), Canadian Gen. Elec. 
_ Co, Ltd., Ottawa, Ont., Gan. : 


June 1 944 


J 


aa 


N. L., cable design engr., Northern Electric. 


. L., elec. engr., Allen B. DuMont Labs., Inc., ; 


~ 


ne H., St. Bonaventure College, St. Bona- — 


SAY « : : 
J. (Reelection), Westinghouse Elec. & Mfg. 


Ramsay, A. T. (Reelection), Southern Bell Tel. & Tel. 
Co., Atlanta, Ga.” oN 

Rickover, H. G., Capt., U. S. Navy, Washington, D. C. 

Snow, D. P., Standard Tel. & Cables, Ltd., Leicester, 
England 3 

Rutherfurd, G. R. (Reelection), Southern Calif. Tel. 
Co., Los Angeles, Calif. . 

Stapleton, G. M., Ward Leonard Elec. Co., Mount 

' Vernon, N. Y. 

Strange, E. M., Boeing Aircraft Co., Seattle, Wash. 

Stremel, R. A., Yuba Mfg. Co., Benicia, Calif. 

Wright, H. R., Pacific Mills, Ltd., Ocean Falls, B. C., 

an. . F 


37 to grade of Member 


To Grade of Associate 


United States and Canada 

1. Norru Eastern : j 

Bronzo, J. A., Mass. Inst. of Tech., Gambridge, Mass. 

Cafora, T. P., Radio Center Service, Bridgeport, Conn. 

Collins, J. S., So, New Eng. Tel. Co., New Haven, 
Conn. 

Eck, F. E., General Elec. Co., Pittsfield, Mass. 


_ Fitch, W. M., Jr., General Elec. Co., Schenectady, N. Y. 


Bees a ., Jv., General Elec. Co., Schenectady, 

Howell, R. L., Central N. Y. Pr. Corp., Oswego, N. Y. 

ences C. L., Jr., Central N. Y. Pr. Co., Utica, N. Y. 
ariton, V. C., Rudolph Wurlitzer Co., North Tona- 
wanda, N. Y. 

Phillips, M. T., U. S. Engineers, Buffalo, N. Y. : 

Priestley, K., Eastern Elec. Const. Co., Bridgeport, Conn. 

Frduas, E. M., Stromberg-Carlson Co., Rochester, 


Reifsnyder, J. G., General Elec. Co., Schenectady, N. Y. 


Robbins, C, I., General Elec. Co., Schenectady, N. Y- 
Shere, G. D., Raytheon Mfg. Co., Waltham, Mass. 
Ward, J. T., Boston Edison Co., Boston, Mass. 

Zehner, J. L., General Elec. Co., Schenectady, N. Y. 


2. Mupp.e EAsTERN : 


Bailey, R. C., Ohio Bell Tel. Co., Youngstown, Ohi 
Debel, C. A., Naval Research Lab., Bellevue, D. C. 
Duryee, P. A., Fisher Aircraft Div., Cleveland, Ohio 
Dyer, C. E., Westinghouse Elec. & Mfg. Co., East 
Pittsburgh, Pa. : 
Feige, W. C., Jr., Cons. Gas Elec. Lt. & Pr. Co. of Balt., 
Baltimore, Md. 4 
Foland, M. E., National Cash Reg. Co., Dayton, Ohio 
Friedman, C., Ensign, USNR, Washington, D. C. 


Gregory, J. A., C & P Tel. Co, of Wash., D. C., Washing- 


ton, D. C. 
Hemenway, C. A., Alliance Mfg. Co., Alliance, Ohio 
ne E. E., Naval Ordnance Lab., Washington, D. C. 
acca D. W., Jr., U. S. Navy Yard, Washington, 


Nicolai, R. C., Fenn College, Cleveland, Ohio 
Op & O., Jr., Naval Research Lab., Washington, 


_ Rife, W. M., National Cash Reg. Co., Dayton, Ohio 
Thaler, G. J., Johns Hopkins Univ., Baltimore, Md. 
Vilchis, M. C., Westinghouse Elec. & Mfg. Co., East 

_ Pittsburgh, Pa. 
White, J. C., Penna. R.R., Wilmington, Del. 


3. New Yorx Ciry 


Andersen, C. J., Sanderson & Porter, New York, N. Y. 

Barnes, R. F., Kellex Corp., New York, N. Y. 

Brittain, G. H., Jr., Hamilton Radio Corp., New York, 
N.Y. 


Hausle, F. T., Queens Borough Gas & Elec. Co., Far 
Rockaway, N. Y. s/ 

Hoffman, J. S., General Elec. Co,, New York, N. Y. 

Kuhnel, A. H., M. W. Kellogg Co,, New York, N. Y. 

- Ledermann, F., Patent Attorney, New York, N. Y. 
Leech, P. H., Jr., Kellex Corp., New York, N. Y. 
Lerner, M. L., Westinghouse Elec. & Mfg. Co., Newark, 

N ; ; 


Lynn, L, Sperry Gyroscope Co., Lake Success, N. Y. 

Meier, J. C., “Electrical World,” New York, N. Y. 

Betas F. J., North American, Philips Co., New York, 
Y z ' 


; Schooley, C. E., American Tel. & Tel. Co., New York, 
N. Y. ; 


Stenger, F. J; Columbia Univ. Airborne Instrument 
Lab., Mineola, N. 
Weaver, D. E., Elec. 


‘Storage Battery Co., New York, 


4, SouTHERN 


Bloom, T., Norfolk Navy Yard, Portsmouth, Va. 
Elder, B. H., Ethyl-Dow Chemical Co., Wilmington, 


Hoagland, J. W., U.S, Navy; Louisville, Ky. 
Jones, G. L., Tenn, Eastman Corp., Oak Ridge, Tenn. 
anier, W. J., Allis-Chalmers Mfg. Co., Memphis, Tenn, 
Myers, C. §., Westinghouse Elec. & Mfg. Co., Atlanta, 
Ga. 
Nelson, R. E., Tenn. Eastman Corp., Oak Ridge, Tenn. 
Peltier, K. W., Tenn. Eastman Corp., Kingport, Tenn. 
Pool, R. P. (Reelection), Tubize Rayon Corp., Rome, 
Ga. 
5. Great LAKEs : ‘ 
Adler, H. A., Commonwealth Edison Co., Chicago, Ill. 
Barnes, T. F., Detroit Edison Co., Detroit, Mich. _ 
-Dammann, G. E. (Reelection), Commonwealth Edison 
Co., Chicago, Ill. . : 
Feigal, R. S., Minneapolis Honeywell Reg. Co., Min- 
neapolis, Minn. “ ; 
Fitzgerald, J. S., Caterpillar Tractor Co., Peoria, Ill. 
Freer, nF E., Reo Motors, Inc., Lansing, Mich.: 
Furst, U. R., Russell Elec. Co., Chicago, Il. 
Hempstead, K. F., Pub. Serv. Co, of Northern Hils 
aukegan, Ill. 


Janssens, J. N., Intl. Automatic Elec. Corp., Chicago, 
Tih. - 


Institute Activities 


' Chapel, F. G., Southern Calif. 
Calif 


_ Bergdahl, C. 


Kriz, A., Bureau of Engg., City of Chicago, Chicago, Il. 
LeBron, R. L., Jr., Allis-Chalmers Mf, i Milwaukee, 


is. 
Liggett, C. P., Commercial Solvents Corp., Peoria, Ill. 
mmen, R. M., Cutler-Hammer, Inc., Milwaukee, Wis. 
Neslon, L. N. (Reelection), General Elec. Co., Fort 
» Wayne, Ind. 
Russell, L. T., Consumers Pr. Co., Jackson, Mich. 
Tongret, S., Radio Corp. of America, Indianapolis, Ind. 
Weinpeld, R. D., Allis-Chalmers Mfg. Co., West Allis. 
is. 


6. Nort CenrraL 


Collier, J. E., Collier Elec. Go., Denver, Colo. ‘ 

Rempet, E. H., Mountain States Tel. & Tel. Co.. 
enver, Colo. at. 

Wales E. T., U.S. Bur. of Reclamation, Seminoe Dam. 
yo. 


7. Sourn West 2 


Bliss, W. J. (Reelection), Square D Co., Houston, Texas 
Cardwell, L. H., Dallas Pr. & Lt. Co., Dallas, Texas 
Collerain, J. F., Sr., Houston Pipe Line Co., Houston, 
Texas : ’ 
Fewell, E. G., Union Elec. Co. of Mo., St. Louis, Mo. 
Jenkins, iE M., Curtiss-Wright Corp., St. Louis, Mo. — 
Luckey, R. W., Electrical Post Engineer Office, Jefferson 
Barracks, Mo, : 
Tyme, C. D., Kansas City Pr. & Lt. Co., Ottawa. 
ans, 
Maas, CG. A., General Elec. Co., Dallas, Texas , 
Rademeyer, H. P., Curtiss-Wright Corp., St. Louis, Mo. 
Rembert, E. H., Pub. Serv. Co. of Okla., Tulsa, Okla. 


8. Paciric : 
Tel. Co., Los Angeles. 


Cunning, J. CG. (Reelection), Bureau of Pr. & Lt, Los 
Angeles, Calif. : 

Derin, H. H., U. S. Navy, San Francisco, Calif. 

Ford, F. D., U. S. Naval Drydocks, Hunters Point, Calif- 

Jones, R. Jes U. S. Navy Yard, Mare Island, Calif. 

SRECE . C., Southern Calif. Tel. Co., Los Angeles, 

Schone W., San Diego Gas & Elec. Co., San Diego, 


Walters, W. T., General Metals Corp., Oakland, Calif. 


9. Norra West : 


R., E. I. DuPont de Nemours & Co., 
Richland, Wash. , 
Bjork, R. E., Montana Pr. Co., Great Falls, Mont. 
Byers, E. C., Washington Water Pr. Co., Spokane, Wash. 


Chambliss, H. E. (Reelection), Montana Pr, Co., Great 
Falls, Mont. ' é 
Daniels, C. C. (Reelection), Montana Pr, Co., Great © 


Falls, Mont. bs, 


Heineck, W. A., Washington Water Pr. Co., Spokane, _ 
Wash 


McArthur, S. E., Montana Pr. Co.,.Great Falls, Mont. 


_McGee, T. W., Boeing Aircraft Co., Seattle, Wash, 


Monroe, B. J., Montana Pr. Co., Great Falls, Mont. A 
Morton, H. A., Montana Pr. Co., Great Falls, Mont. — 
Neumann, W. R., Montana Pr. Co., Great Falls, Mont. 
Nordeen, B. W., Montana Pr. Co., Great Falls, Mont. 
Sheire, J. B., Montana Pr. Co., Great Falls, Mont. 
VanNoy, T. A., Montana Pr. Co., Great Falls, Mont. 
Wilson, a M., Washington Water Pr. Co., Spokane, 
ash. ; 


» 10, Canapa 


Armstrong, H. D., Lieut., R.C.N. V.R., Toronto, Ont., 
an, 


Foulis, R. M., Dorval Airport, Dorval, Que., Can. _ 

Harris, R. A., Canada Wire & Cable Co., Ltd., Leaside, 
Ont., Can. : ’ 

Hoge, J. D., Montreal Engg. Co., Ltd., Montreal, Que., 


an. 
Little, J. A, Commonwealth Elec. Corp., Ltd., Welland, 


nt., Can, 
Beye A. E., Northern Elec. Co., Ltd., Montreal, Que., 
an. 


Elsewhere 


Barrios-Morales F., Ds Com. Federal de Electricidad: 
Mexico, D, F., Mex. is 
pa Si A., A., National Rys. of Mex., Mexico, D. F.. 


ex, : 
Chellappa, T. R., Pykara Elect. System, Coimbatore, 
adras, India E 
Elizondo N. A., Com. Federal de Electricidad, Mexico, 
D, F., Mex. t Z 
Garcia R., D. L., Mex. Gov. Defense Sec., Mexico, 
D. F., Mex. : 4 
Gutierrez, S., F. J., National Powder Factory, Santa Fe, 
. F., Mex. 
Kiewek, é. J., Com. Federal de Electricidad, Mexico, 
D. F., Mex. y : 
Lerch G., E., Com. Federal de Electricidad, Mexico, D. 
F., M 


ry ex. of 
‘Llubere Z., P., Com. Federal de Electricidad, Mexico, 


. F., Mex. / 
Loubet Vv, Es Com. Federal de Electricidad, Mexico, 
. F., Mex. J 
Mata, E. R., Mex. de Electricidad, Mexico, D. F., Mex. 
Mayer O., C., CIA Mex. Maquinaria, Mexico, D. F., 
Mi 


28 

Nonieeabic B., I., Com. Federal de Electricidad, 
; Mexico, D. F., Mex. Jt ‘ 
Otero O., J. F., Gom. Federal de Electricidad, Mexico, 

. F., Mex. 
Peralta Diaz C., A., Ind. Unidas S, A., Mexico, D. F., 
ex. . 
Rivera S., J., Contracting & Consulting Engr., Mexico, 
D. F., Mex. : : 


Total to grade of Associate 
United States and Canada 117 
Elsewhere 16 ® 
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“| 


Clearinghouse for Technical 
Translations Established | 


A technical-translations clearinghouse has" 


been organized recently to supply a focal 


service for photoprinted copies of articles _ 


translated from foreign scientific journals 
or periodicals. It is being operated as an 
extension of the auxiliary publication 
service of the American Documentation 
Institute with the co-operation of the Office 
of Alien Property Custodian. ; 

Provision for such a service was aden 
taken at the suggestion of interested organi- 
Zations which offered copies of their transla- 
tions as a nucleus. Scientists, libraries, and 
research and industrial organizations pos- 
sessing technical translations published in 


— with the clearinghouse a typed ribbon copy 
_ or a good carbon of each translation now on 
xf file or to be published in the future. If 
_ only one copy of the translation is in existence 
a that copy should be deposited, and the 

ADI will replace this with a microfilm or 
D. wot photoprint as desired. ‘The clearinghouse i is 
a also soliciting information concerning exist- 
ie “ing public, institutional, and commercially 
available collections of such translations 
Be which should include the location of the 
colle 
e iu and the name and address of the person 
from whom the material can be requested. 


id 


from both the technical-translations clearing- 
i _ house and other existing reference pools will 
be compiled shortly for wide distribution. 
‘ In order to avoid possible infringement of 
; foreign copyright interests, the Alien Property 


i= Custodian, within specified limits, will vest 


such copyright interests and license the re- 
ss productions of such translations for general 
use and distribution. 

a ' Copies of translations: and information 
pertinent to their availability should be 
ty addressed to the American Documentation 
Institute, 1719 N Street North West, Wash- 
ington, D. C. Translations will be supplied 
upon order at the standard ADI copying- 
cost rate of one cent per page in microfilm 
and ten cents per page in photoprint, with 
ey minimum charge of 50 cents. 


an 
a ” 
_ Technically Trained Postel 


__Urged to Register With NRSSP 
ye 
; The National Roster of Scientific aka 
_ Specialized Personnel, a civilian agency of 
the Government created in 1940 as a central 
_ registry for persons possessing professional 
and: scientific qualifications, is responsible 
for the best utilization for the war effort 
of technically trained personnel. 
__ In the light of recent Selective Service 
_ directives that will result in the induction 
of many thousands of professionally and 
scientifically trained young men under the 


age of 26, it is important that all qualified, 


young engineers, chemists, physicists, ge- 
ologists, mathematicians, and others be so 
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whole or part since 1940 are asked to deposit 


ion, general description of the: contents 


i ¥ A complete list of translations available — 


. ‘explosicn blast. 


registered. Those individuals who will 
enter the Armed Forces immediately should 


notify the Roster of the branch of service 


they are entering, the date and place of 
their induction, and, afterwards, their serial 
number. 

Although the Roster has no responsibility 
as regards 
Armed Forces,.it reports to the office of The: 
Adjutant General, War Department, and 
to the Bureau of Navy Personnel, Navy - 
Department, concerning the specialized 
training and qualifications of those of its 
registrants inducted into the Army or Navy. 


‘This information is used as an aid in deter- | 


mining the initial military assignment of the 
particular individual. Should it become 
necessary to withdraw a number of specialists 
from the Armed Forces in order to reassign 
them to important research or production 


work in civilian war industry, the Roster’s 


records are sufficiently detailed to permit 


intelligent selection of qualified individuals — 


in almost every specialized field, and prob- 
ably it will be called upon to assist in any 
such assignment. 

Initial registration or notice of any change 
in status should be addressed to the National 
Roster of Scientific and Specialized Person- 
nel, 1006 U Street North West, erate 
Vic ORL OR : 


Inventors Council Poses Military 
Problems for Public Solution 


The National Inventors Council has re- 
cently announced a new list of problems of © 
present import to the armed services for 
which it is soliciting solutions. (For previous 
listing see EE, Aug. °43, p. 380). Included in. 
the list are the’ following suggestions which 
may be, of interest to electrical engineers: 


Ue 7 relatively simple gauge to measure the impulse of 
Its positive and negative phases should — 


be determined separately but concurrently, and it 
would be desirable if the duration of each phase could 
be determined in some simple manner. —. 


_ 2, Removal of dissolved mineral matter from sea and 


brackish water by ionic-exchange process. , 


3. An instrument for the location and destencton of 
concealed enemy een BIEr een pillboxes, and similar 
strong points. 


4. Improvements in tank vision Mevices and conten 
instruments. There is special interest in reducing space 
requirements and improving the performance of gyro- 
scopic compasses. 


5. Ingenious and simple decoy devices for the purpose 
of confusing and misleading the enemy. 


6. Technical data as to strategic enemy targets such as 
chemical plants, explosive plank, power plants, and so 
forth. 


7. A noiseless hand generator combined with a light- 
weight flashlight. The generator should be pumped at 
the rate of 40 revolutions per minute, and the light should 
start on the first pump .and should be continuously bril- 
liant. 


8. Plumb bob type of generator to operate a light six- 


volt radio. The generator probably should be operated 
by a reel winding up and letting out the plumb bob. 


Suggestions should be submitted ‘to the 
National Inventors Council, Room 1313, 
Commerce Building, Washington 25, D. C., 


Of Current Interest 


i 


their assignment within the — 


recently by R. C. Allen, m mi 


tubes, common stockpiles, and use 


_ inspection at manufacturers’ 


_ reports received from the Office of t 


and should comprise a wees 
the proposal with such sketches or ¢ 
as may be necessary. eo 


Allis-Chalmers Creates 
Creation of a new research and gas 
development division of Allis-Chalm: 
pany, Milwaukee, Wis. } ander t 
ment of J. T. Rettaliata, has b 
of t 
company’s steam-turbine d P mer it. Al 
though all steam-tu if 

ing-research activities will be con 
the new division, its most i 
will be in the development of 
cussed gas turbine. Previously the cc 
has built nearly 30 gas-turbine units for 
refineries and currently is produ 
aircraft supercharger version of the gas 
bine. Doctor Rettaliata has ‘speci: lized 
largely i in gas-turbine research nd develop- 
ment, and has received annual 
_the past three years from national en 
and scientific societies for his co 
to this field. — 


United States and Canadian 
Forces Standardize Radio 
To make possible hangea 


ard nomenclature, and to e 


United States Army and ‘Navy and © 
Canadian armed servi 
standardization of radio tubes, 


Signal Officer. 

' The recently pues fi 
radio tubes is based on the use 
' Manufacturers’ Association and 
type numbers, and derives fror 
early in 1942 by a joint Army—Nav 
mittee. pe Sgt clan eac 


aatiee i in ‘many cases, W 
to that of the RMA and oth 
type numbers. It is ex 

quality of the tubes will 
in the future, now that the 
longer is obliged to make 
tube meet slightly: differe 


INDUSTRYe. coe 


aa 


WGN, Inc. »» Sponsors: of the 
broadcasting station in Chica 
announced a $10,000 prize c 
design of a new air theater cap 
2,000 persons, to be const 
materials are available. 


ee Oe a ame, eee eee, 


* 


oadcasting, and will ie constructed in 
he heart of a new eight- or ten-story building 
o be erected by WGN as a complement to 
he prizewinning design, 

Prizes for the winning designs, to be 
warded by a group of WGN radio experts, 
vill be distributed as follows: $5,000. for 
irst prize, $2,500 for second prize, $1,000 
or third prize, and 15 prizes of $100 each. 
Basic principles on which the contest is to 
9 judged are, in the order of their im- 
2ortance, acoustics and utility, visibility, 
and beauty of design. 

‘The stage should be approximately 60 
feet square and capable of accommodating 
an orchestra of 75 pieces, a chorus of 40, 
and the principals of a musical cast. It 
should be adaptable for dramatic perform- ° 
ance, and should allow for control rooms, 
Ayloft, lighting ‘equipment, and storage 
space. The auditorium may have one or 
two balconies, at the discretion of the: ide- 
eencr. 


$1,000 Annual Award Honoring 
Stanton Hertz Established 


Creation of the Hertz Award, a tribute 
to Stanton S. Hertz (F ’39) late vice-president 
and assistant to the president of the Copper- 
weld Steel Company, Glassport, Pa., was 
announced at the annual convention of the 
National Rural Electric Co-operative Asso- 
ciation held in Chicago, Ill., recently. It 


provides for a bequest in the amount of. 


$1,000 to be presented annually, with an 


appropriate medal, to the person employed 


by a member Gree aie who, in the 


opinion of the award committee, has made. 


the greatest technical contribution to the 
field of rural overhead-line design, con- 
struction, or maintenance during the pre- 
ceding year. 

‘The award was established by the Copper- 
weld Steel Company, with whom Mr. 


Hertz was affiliated for about eighteen » 


years, to commemorate ‘“‘his significant 
engineering contributions to the progress 
of rural electrification in the United States.” 
It will be bestowed for the first time at. the 
1945 convention of the NRECA. Recom- 
mendations for the honor shall be made to 
the award committee by the presidents of 
the operating Rural Electric Co-operatives, 
and a majority vote of the committee’s 
membership, not yet announced, will de- 
geemine the recipient. 


Mr. Hertz was well known to the Lecteical 


industry for his studies on grounding prob- 
lems and electric conductors. He served 
from 1936-41 as the first executive director 
of the Copper-Wire Engineering Association, 
‘and was one of the pioneers in the develop- 
ment of Copperweld-copper conductors for 
rural electrification. He died on February 
17, 1943. For a more detailed biographical 
sketch of Mr. Hertz, see Electrical Engineering, 
April dae page 176. 


KYW, KDKA, and WBZ Plan Television 
Broadcasting. Applications for licenses to 
install television broadcasting facilities as 
additions to radio stations KYW in Philadel- 
j hia, Pa., WBZ in Boston, Mass., and KDKA 


in Pittsburgh, Pa,, as soon as cHacal mate- . 


rials become ‘available, have been filed with 
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the Federal fi pear Commission 
by Westinghouse Radio Stations, Inc., L. B. 
Wailes, general manager of the company has 
, announced. Establishment of the television 
stations will entail additions of new studios, 
eARsEtets, and other equipment to the 
company’s radiobroadcasting stations in the 
three cities. The company is contemplating 
future televised programs of motion pictures 
and outdoor events as well as the existing 
studio shows. Television techniques and 
radio program sources are expected to lead 


naturally to broadening of the medium’s use- | 


fulness. 


Industry—University Research 
Project Established at Purdue 


Establishment of a joint industry—educa- 
tion enterprise at Purdue University, Lafa- 


yette, Ind., for intensive training of graduate — 


students in exploration of the field of heat 
transfer was announced recently by G. 
Stanley Meikle, 
Purdue Research Foundation, and A. A, 
Potter, dean of the Schools of Engineering. 
Made possible by a $75,000 grant from 
Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa., the five-year 
training and research program will be 
directed by George A. Hawkins of the Purdue 
University engineering faculty, who has been 
_appointed Westinghouse research professor 
‘in heat transfer. 


and for their experiments the scientists will 
have access to the heat-transfer laboratory of 
the school of mechanical and aeronautical 


engineering and other University facilities. — 


‘Dr. Max Jakob of the Illinois Institute of 
Technology will co-operate with Dr. Haw- 
kins in the capacity of nonresident research 
_ professor. 


' 


Dielectric-Heating Research 
- Begun at Columbia and Illinois 


Laboratories for research into the basic 
principles and industrial applications of 
high-frequency heating have been established 
at Columbia University, New York, N. Y., 

and the Illinois Institute of Technology, 
Chicago, with the aid and support of inter- 
ested corporations. 

_The laboratory for investigating high- 
frequency heating at Columbia University 
will be staffed by chemical engineers from 
the University and by scientists and technical 


experts from the Induction Heating Corpora- ° 
tion, New York, N. Y. which has equipped 


the laboratory. The research program is 
under the direction of Arthur W. Hixson, 
professor and head of the University’s de- 
partment of chemical engineering and 
Philip W. Shutz, professor of chemical engi- 


neering. Everett K. McMahon, specialist — 


in chemical engineering applications is in 
charge of the laboratory. 

A similar $5,000 research project for the 
study of dielectric heating has been initiated 
at Illinois Institute of Technology, by the 
Chicago Molded Products Company. J. E. 
Hobson (M’41) head of the electrical- 
engineering department will supervise the 
electrical phase of the studies and E. J. 
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research director, of the - 


_M.E. Thompson Dies. 


Dr. Hawkins will select his - 
research associates, to be known as fellows, . 


a | 
a ' ' 


Bicek, instructor in chemistry, the chemical — 
phase. Bernard Parmet (Enrolled Student) 
and Arthur Kott, research assistants in elec- 


trical engineering and chemistry, respec- 


tively, have been awarded fellowships to 
carry on the project. 

Already successfully employed in. the des 
hydration of foods and in the setting of glue 
between plywood layers, dielectric heating is 
expected to be applied widely in such proc- 
esses as. the drying of lumber, soap, and _ 
ceramic materials and in the curing of rubber 
and the molding of plastics. Although the — 
cost is still prohibitive for everyday use, high-, ‘ 
frequency heating has been employed « Peper: A 
mentally in cooking. 


e° 


; F.. 


Welding nade Spon poste Published. a 


“Welding Industry Symposium,” a compila- 
tion of 23 technical papers covering diverse __ 
phases of welding, recently was issued by the 
Consolidated Reporting Company, New 
York, N. Y. Among the subjects discussed ‘ 
are welding techniques, safety and health, 
fundamental metallurgy, fabrication of tooy 

by welding, repairing, and common weldtngioll i 
problems. : Ae. 


M. E. Thompson, oO 
pioneer in the’ electrical industry and in- My. 
venter, who helped develop the compensated — 
‘generator, died April 5, 1944, in Ridgway, 
Pa. He was 80 years old. Mr.’ Thompson 
received the degree of bachelor of science « 


from ‘Cornell University in 1890. As assist- A 
ant to Harris J. Ryan, professor of electrical - 
engineering at Cornell University and later at a 
Leland-Stanford University, ‘he pees fo =f 
tests on the first electric generator equ Bie a 
with compensating windings, designe: a 
Doctor Ryan. As a result of these tests Mr. r : 
Thompson designed in 1893 the ten-kilowatt 
110-volt six-pole belted generator now dis- 
played in the Edison Institute, Dearborn, _ E 
Mich., which bears the inscription: “This ys 
is the ‘first generator ever built having com- 
pensated winding and commutating poles.” Sia 
During World War I he was a pioneer in ~ 
the development of electrical propulsion 
equipment for submarines of the United 4 
States Navy. Mr. Thompson previously 
had been chief engineer of the Elliott Com- 
pany, Jeannette, Pa., and at the time of his — ¢ 
death was employed by the company as — 
consulting engineer. He was the oldest 
employee of the Ridgway division of the | 
company. | 


OTHER SOCIETIES se 


ASTM Forms Committee on Metal ‘s 
Powders and Their Products ws 


i 
A new standing committee on metal pow- — on 
ders and metal-powder products, B-9, has — 52 
been established by the American Society Sr 
Testing Materials to undertake the formula- 
-tion of specifications and methods of tests 
for these materials, Technical representa~ 
tives of leading producers and consumers of — 
metal powders and their products are serving 
on the committee and its working groups, 


_ National Electronics Conference 


_ The first annual 


with W. A. Reich, General Electric Company, 
Schenectady, N. Y., as chairman, and W. R. 
Toeplitz, production manager, Bound Brook 


(N. J.) Oilless Bearing Company as secretary. . 


Subcommittees, organized to consider im- 
mediately adequate tests and methods of 
evaluating essential properties of the pow- 
ders and compacts, are listed with their 
chairman as follows: 


1. Nomenclature and technical data: chairman; F. N. 
Rhines, Carnegie Institute of Technology, Pittsburgh, Pa. 


2. Metal powders: chairman; D. O. Noel, Metals Dis- 
integrating Company, Inc., Elizabeth, N. J. 


3! Metal-fowder products: ‘chairman; R: P. Koehring, 
Moraine Products Division, General Motors Corporation 
aan, Ohio. ’ 


The new techaical committee is an out- 
growth of the symposium on powder metal- 
lurgy held in March 1943, and the great ex- 
pansion in the use of powder-metal products. 


To Meet in Chicago, Il. 


National Electronics 
Conference which is described as a ‘“‘national 
forum for electronic developments and their 
engineering applications,” will be held at the 
Medinah Club, Chicago, Iil., October 5-7, 
1944. 


industrial, 


x 


PER oc ion ors eS } 
- Sponsored jointly by the Illinois Institute 


_of Technology, Northwestern University, the 


Chicago section of the Institute of Radio 
Engineers, and the Chicago Section of the 
AIEE, the conference will provide a com- 


mon meeting place for technical personnel — 
interested in applications in the broad field — 


of electronics., Particular attention is being 
given to the needs of the many industrial 
engineers who have used electronic methods 
in restricted and specialized applications. 
Technical papers and discussion groups are 
being planned to treat the communication, 
measurement, instrumentation, 
control, research, and medical applications 
of electronics. 


curriculum for technical schools and colleges. 


A. B. Bronwell (A ’34) assistant professor of 


electrical engineering, Northwestern Uni- 


versity, Evanston, Ill., is chairman of the 


program committee and Beverly Dudley, 


520 North Michigan Avenue, Chicago, IIl., 


is secretary. — ped 


Effect of Welding on Ductility Now Pre- 


determined. A new system for predeter- 


mining the loss of ductility in the base metal - 


adjacent to a weld is proposed in a recent 


_ publication of the American Welding So- 
_.ciety, “Guide to Weldability of Steels.” 


Once a design and a welding process for 


‘a Purdue Installs Power-Network Analyzer 


D. D. Ewing (F ’21) professor and head of the Purdue University school of electrical engineer- 
ing, demonstrates the university’s new network analyzer to representatives of the Midwest 


' power companies which co-operated in its purchase and installation. 

in a few days, problems which would require months by the analytical method, the analyzer 
can reconstruct in miniature the operations of any power system. The available circuit 

' elements can represent simultaneously 16 generator stations, 160 transmission lines and 

_ transformers, and 40 loads, which are adequate for studies on even the largest power systems. 
By setting up the projected system on the board, engineers planning additions of lines or 
equipment can judge the efficacy of the new equipment in advance. 

_ are the possibilities of short-circuit studies for determining protective relaying settings. 
studies on an actual system would entail unwarranted damage. The co-operating companies 


Particularly valuable 
Such 


to which the board will be available are: —The American Gas and Electric Service Corpora- 
tion, Cincinnati Gas and Electric Company, Dayton Power and Light Company, Indianapo- 


lis Power and Light Company, Louisville Gas and Electric Company, Northern Indiana 
Public Service Company, and thé Public Service Company of Indiana. 


Other companies 


may obtain operating time upon application to the university. J. B. Ward (A 40) instructor 
in the school of engineering will direct operation of the board. 
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. Fall meeting, October 2-5, 1944, Cincinnati, Ohic 


‘One session will be devoted 
to educational problems and an electronic 


initiated by Lehigh University under 


ee NEMA eee 


Capable of solving 


ai 
American Socieey for Testing Materials. ; 
meeting, June 26-30, 1944, New York, N. 


American Society of ‘Civil Engineers. 
1944, Chicago, Ill. hab oF ey 


American Society of Mechanical Engineers. 
annual meeting, June 19-20, 1944, Pittsburgh, Pa 


July 


Canadian Electrical Association. Annual meet 


June 22-23, 1944, Murray Bay, Que. 
Society for the Promotion of Engineering Educa 
Annual meeting, June 22—25, 1944, Cincinnati, Oh 


fabricating it have been decided © “upon 
the data necessary for determining 
effect | of Mone Pore ne 


wate in pinta carbon! ead hawecaligys 
may be found in the guide. Apart 1 
the data in the book only two tests are 
quired—an end quench and a not 
of the steel. Part I of the ‘gui 


instruction sacral in its use. The 
intended to facilitate a prompt and t 
test of the proposed system by welding eI 
neers. Development of the system 


sponsorship of the Welding Research CG 
and later taken over oe the National 
Research Councils. 


NEMA kabpeinduceoee and 4 ; 
Dielectric-Heating Standards 


Seven new standards for electronic equiy 
ment for induction and dielectuie hea 


of the ‘National Blecicicall Manulatt 
Association, They are listed as follows: 
EL 5-5 Output Ratings 

EL 5-10 Ratings of Tubes and Parts 
EL 5-15 Radio Interference 

EL 5-20 Protection of Personnel 

EL 5-25 Protective Equipment 

EL 50-5 Induction Heating—Definition 
EL 50-10 Dielectric Senay aennisen 


=y 


St., New York, N. Y. : ‘ 


ASA Co-ordinates Symbols : 
for Mlecrinab Berens 


A compilation of a consistent set of grap 
cal symbols for electrical and electroni 
Squpmene titled, Press a of . 


American Staaten “Asoaaose ! 
War Standard all outright conflicts in u 
have been eliminated. Alternate sym 
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have been tolerated only where the use of a 

symbol is so deep-seated in an industry that 
change would cause undue hardship. 

The problem of conflicting symbols had 
become acute particularly since the war when 
the divergent sets of symbols used by the 
power industry and the communications in- 


dustry began to overlap because of the ex- 


pansion of electronic devices in communica- 
‘tion, control, and detecting devices. 
compromise the new standard has obviated 
previous practice in which one symbol was 
sometimes used to indicate two different 


pieces of apparatus or two different symbols | 


used for the same equipment. Representa- 
tives of technical societies, trade associations, 
the War and Navy Departments, the Aero- 
nautical Board, the National Aircraft Stand- 
ards Committee, and industrial organizations 
participated in developing the standard. 
Copies of the new Standard Z32.11-1944 
may be obtained for 10 cents a copy froth the 
NY. 29 West 39th Street, New York 18, 
Ve . 


Two Radio Standards 
Issued by ASA 


__ In an effort to increase production of radio 


“parts the American Standards Association 


has completed two new American War 
Standards, “‘Power-Type Wire-Wound Rheo- 

_ stats” (C75.9-1944) and “Variable Wire- 
‘Wound Resistors”? (C75.10-1 944). It is ex- 
pected that the Standards will be used in the 
design of new equipment; in preparation of 

new manufacturing facilities; ae for pro- 
-curement purposes. 

Keyed to the requirements of the Armed 
Forces, both standards include applicable 
specifications and drawings; classification; 
materials and workmanship; general and 
detailed requirements; methods of sampling; 
_inspection and tests; and packaging, pack- 
ing, and marking for shipment. A combined 
committee of representatives of the radio 
industry and the Armed Forces drew up the 


standards, and they already have been 


adopted by the United States Navy Depart- 
ment’s Bureau of Ships and the Signal Corps 
Standards Agency of the United States Army. 
The main difference between the two 
‘Standards is the greater power dissipated by 
the power-type wound rheostat because of a 
_ higher operating temperature. The variable 
-wire-wound resistor with its low operating 
temperature is employed chiefly in radio and 
electronic devices. 
The Standard on the power-type rheostat 
is 50 cents per copy and the Standard on the 
variable resistor is 40 cents per copy. They 


may be obtained from the American Stand- . 


ards Association, 29 West 39th Street, New 
York 18, N. Y. They are available without 
charge for procurement purposes only from 
the Government agencies concerned. \ 


ASA Approves Two Standards on 
Electrical Insulating Materials 


Two standards of the American Society for 
Testing Materials have been approved re- 
cently by the American Standards Associa- 
tion. These are the previously approved and 
recently revised American Standard Tenta- 
tive Methods of Testing Molded Materials 


June 1944 


By 


Used for Blectrieal Insulation (€59.1-1944) 
and the new American Standard Methods of 
Testing Sheet and Plate Materials Used in 
Electrical Insulation (C59.13-1943), de- 
veloped by the ASTM committee on elec- 
trical insulating materials. 

The first of these Standards applies to all 
solid electrical insulating materials (except 


_‘ dry-process porcelain) formed in molds by 
_the application of pressure, either with or 


without heat, and includes only special in- 
structions pertaining to the preparation and 
testing of these materials. Methods of test 
are described for acetone extraction, arc re- 
sistance, compressive strength, dielectric 
strength, deformation under load, distortion 
under heat, and similar conditions. 

The second of these Standards covers the 
procedures for testing stiff, flat-sheet, and 
plate materials such as phenolic and other 


types of laminated sheets, hard rubber, as- 


bestos, composition board, and others, to be 
used as electrical insulation, except as modi- 
fied by the individual methods or specifica- 
tions for a particular material. The standard 
includes definitions of terms used; directions 
for conditioning apparatus; and procedure 
for testing thickness, tensile strength, flexural 
strength, compressive strength, resistance to 
impact, water absorption, volatile matter, 
and the like. 

Copies of the Standards are availabe and 
can be obtained from ASA, 29 West 39th St., 


_ New York, N. Y., at 25 cents per copy. 


ECPD Issues Pamphlet 
on Joint Local Groups 


A concise explanation of the plan recently 
devised by the Engineers’ Council for Pro- 
fessional Development for the organization 
of joint local engineering groups to further 
the objectives of the Council on the level of 


the individual engineer is offered in a new 


eight-page pamphlet, ‘Will You Help?” 
Although the plan is directed primarily to- 
ward the local sections of the Council’s eight 
participating societies other local engineering 


INSTITUTE members and subscribers are invited 


_ to contribute to these columns expressions of opinion 


dealing with published articles, technical papers, 
or other subjects of general professional interest. 
While endeavoring to publish as many letters as 
possible, Electrical Engineering reserves the right 
to publish them in whole or in part or to reject them 
entirely. Statements in letters are expressly under- 


Mercury Thermometers. 
in 60-Cycle Fields 


To the Editor: 

There has been recurrent discussion con- 
cerning use of mercury thermometers in 
60-cycle magnetic fields, because internal 
heating of the mercury by eddy currents 
tends to make the temperature indication 
higher than would be shown by a spirit 
thermometer in the same location. The 
amount of error is of interest because mer- 
cury instruments sometimes are ele 
in other respects. 
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‘ 


organizations and interested groups are in- 
vited to take part. It is hoped that the 
pamphlet, which is available upon request, 
will stimulate growth of more groups such 
as have been organized to work in the local 
field for the establishment of engineering on 
a sound professional foundation. The four 
standing committees of ECPD are prepared 
to extend general guidance to the local 
groups. The committees also will assist 
the local organizers by answering questions, 
by supplying information about the other 


local groups, and by making suggestions . 


based on their observations. Inquiries may 
be addressed to the Engineers’ Council for 
Professional Development, 29 West 39th 
Street, New York 18, N. Y. 


m. 


EDUCATION « «am 


Rutgers University 
Organizes Research Council | 


Creation of a research council to promote 
research in all departments of the university 
has been announced by Rutgers University, 
New Brunswick, N. J. 

A special fund has been placed at the 


disposal of the council and a survey of © 


personnel and facilities is being made to 
determine the best projects for investment 

of new funds. Emphasis will be placed 

upon co-operative research between de- 
partments and between outside organizations 
and university departments. Applications 
for grants for next year are being conkideusd 

now. 


William H. Cole, professor of phynicetae | 


and biochemistry, has been appointed di- — 
rector of the new council, and James L. 


Potter (A’41) professor of electrical engi- — 
neering, has been named one of its nine — 3 


members. Doctor Cole will represent the 
university in developing reciprocal arrange- 
ments with governmental, industrial, busi- 
ness, and professional institutions. en 


stood to be made by the writers. Publication here 
in no wise constitutes endorsement or recognition 
by the AIEE. All letters submitted for publication 


LETTERS TO THE EDITOR | 


should be typewritten, double-spaced, not carbon 


copies. Any illustrations should be submitted in 


_ duplicate, one copy an inked drawing without 


lettering, the other lettered. Captions should be 
supplied for all illustrations. 


In testing a 2,666-kva 2,400-ampere 
reactor some years ago, mercury thermome- 
ters were observed to be registering several 
degrees higher than nearby spirit ther-— 
mometers. Most of the difference may have 
been nonmagnetic in origin, however. 

In a recent experiment by the writer, a 
difference of 0.6 degree centigrade was © 
observed in a field of 40 kilolines per square 


inch. The setup comprised a water-cooled — 
solenoid 4 inches in diameter and 4 inches — 


long, with mercury and spirit thermometers 
corked into a small glass thermos flask, 
inside the winding. The mercury bulb was 
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7 re inch in diester by 3), inh long. The 


_ minutes. 


test was run for 15 minutes, and the difference 
in readings became constant after ten 
Field strength was measured 
by a pickup coil wound on the outside of 
the flask; this coil also showed when the 


bulbs were centered in the maximum field. 


Since this field strength was much higher 
than would be encountered in almost any 
usual equipment, 
would appear that mercury thermometers 
of similar dimensions can be used freely in 


-60-cycle fields. 


A moderate amount of searching has not 
brought to light any quantitative statements 
on this subject, 


therefore would be much appreciated. 


JEROME J. TAYLOR (A 40) 


(Electrical engineer, Detroit (Mich.) Edison Company) 


NEW BOOKS cece 


es The following new books are among those recently - 


received from the publishers. Books designated ESL 
are available at the Engineering Societies Library; 


these and thousands of other technical books may 
be borrowed from the library by mail by AIEE 
' members, 


The Institute assumes no responsibility 


for statements made in the following summaries, 


¥ 
Bly: 
_ national Business Machines Corporation. 


_ Precision pe Oa het in the 


information for which is taken from the prefaces of 


the books, Alli inquiries relating to the purchase of 
any book reviewed in these columns should be 


: addressed to the Seraes Pa the book in question, 


Working Industry. Volume I, prepared by 
the Department of Education of ‘Inter- 


_ Syracuse University ‘Press, Syracuse, N. Y., 


* cloth, $2.75. 


1942. 263 pages, illustrated, 11 by 8 inches 
(ESL.) ' 
' This is a revised edition of the manual on 


ie precision measurement and inspection meth- 
_ods in metal working originally prepared for 
use in training International Business Ma- 
- chines Corporation workers. 
contains the first seven chapters dealing with 


Volume I 


_ measurement in general, nonprecision line- 


_ graduated 


instruments, micrometer and 
vernier types, precision gauge blocks, fixed 


; gauges, thread gauges, dial gauges, and test 
aA indicators. 


Volume IJ, now in _ process, 
will treat the more advanced types. 


Rubber Red Book, Directory of the Rubber 
Industry, 1943 edition, fourth issue. Pub- 


lished biennially by The Rubber Age, New 


mberkes tg, N.Y 
- 91/, by 6 inches, cloth, $5. 
This directory of the rubber industry 


579 pages, illustrated, 
(ESL.) 


_ lists the rubber manufacturers of the United 
_ States and Canada, the manufacturers of 


- rubber. 


rubber machinery and accessories, and the 
‘suppliers of chemicals, fabrics, and crude 
The varieties of synthetic rubber. . 


and their makers are listed. Other listings 


include rubber reclaimers and scrap dealers, 


5 organizations, 


a7 \ 


rubber derivatives and rubber latex, con- 
sultants, sales agents, technical journals, 
and a directory of men 
prominent in the industry. 


Meteorology, Theoretical and Applied. 


By E. W. Hewson and R. W, Longley, John 


_ Wiley and Sons, New York, N. Y.; Chap- 


man and Hall, London, England, 1944. 


8!/ by 51/2 inches, cloth, $4.75. | (ESL.) 


242 


including reactors, it. 


and further information — 


in various occupations. 


Metal 


_typical structural members. 


vi Le cd, \ ot] Ue Letts af 

The onjeet of this Pa is to ane a ‘walle 
rounded view of the essentials of meteorology. © 
Part I deals with theoretical meteorology: 
the physical and thermodynamical ‘charac- 
teristics of air;’ the movements of air masses; 


and the statistical analysis of meteorological 


data. Part II covers applied meteorology: 


instruments and observational procedures; — 
; Eons 


climatology; map analysis and precasting 
procedure; 
rology to other specialized fields. 


Occupational Index, Volume 8, numbers 
1-5, January, April, July, October, and 
Index, 1943. References 1-375. Occupa- 
tional Index, Inc., New York University, 
New York, N. Y. 10 by 7 inches, BAREP, 
$5, annual subscription. (ESL.) 

This bibliography, issued quarterly, con- 
tains annotated references to current 
pamphlets, books, and magazine articles 
containing information about opportunities 
Over 300 publica- 
tions are listed in 1943. The annotations 
are clear and informative. Indexes by 
author, title, and subject are provided. 
Both military and civilian Oe are 
covered. 

( 


Practical Design of Welded Steel Struc- 


tures. By H. M. Priest. American Weld- 


ing Society, 33 West 39th Street, New York 
153 pages, illustrated, 


185 NiwYs55 1943. 


8 by 5 ince, cloth, $1. (ESL.) 


_ The essentials of welding and walded 


construction are presented in concise form 
as a working manual for the practical welder 
and designer. The various welding proc- 


esses, forms of joints, and weld testing are 


discussed. The general and detail design 
considerations for simple welded joints and 
connections precede their application to 


chapter is devoted to the problem of fatigue. 


Strength of Materials. By H. F. Girvin. 
International Textbook Company, Scranton, 
Pa., 1944. 357 pages, illustrated, 9 by 6 
inches, cloth, $3. (ESL.) 


After a survey of the first courses in strength 


of materials given at our larger colleges, 
Professor Girvin prepared this textbook. 


It aims to give the student thorough training 


in basic principles and to avoid attention to 
specialized topics better treated in later 
courses in design. The area-moment 
method of determining deflections is em- 


phasized. A large Does of probless are 


included. 


Matarbaai Handbook. By G. S. Brady. 
McGraw-Hill Book Com- ~ 


Fifth edition. 
pany, Inc., New York, N. Y., and London, 
England, 1944. 765 paces, illustrated, 
9 by 58/4 inches, cloth, $5. (ESL.) 

This handbook provides a quick source 
of information on the characteristics of ma- 
terials of industrial importance. It will be 
useful to purchasing agents, designers, execu- 
tives, and others. The arrangement is 
alphabetical with a good index to trade 
names and synonyms. The new edition 


‘has been revised carefully and i is ada than 


preceding ones. 


Modern ore By W. H. Johnson and 
L. V. Newkirk. The Macmillan Company, 
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and the applications of meteo- — 


power plant and its maintenance. It 


_ something about aircraft engines. 


Wieadage Before the Subcommittee on 


lations to Small Business. 
Plants Corporation, Washington, D. (er, 
; pages. 


A. separate 


‘Resutance Welding. R. T. oie ( 


ments, United States Government Printin 


Distribution of Safety Equipment by Ma 


tAtheioads Standard Symbols for Electrica 


-Pa., chart. 


K 9 97 pag 
% pag 
trated, 11 by 8 inche Q. ( 
This textbook, intetided for use by st 
at the high-school leve' Oo pi 


yi Wiocesy ‘deat ng; 
tectural ig 3 and graphs and mi 


Power and rove By A. Jordai 
Harper and Brothers, New York, N. 
London, England, 1944. 314 pages, 1 
trated, 10 by 7 inches, cloth, $3.50. (Ei L. 

A readable elementary text intend 
students and mechanics on the airer. 


will be useful,to others who wish to kni 


book is distinguished by ta 400 peas 
tions which rans the text. 


¥, 


PAMPHLETS« ° » of 


The following recently issned pamphlets may 
of interest to readers of ‘‘Electrical Engineerin 
All baa 2 nor S be addressed to the is 


Valuations, Appraisals, Liveatnrse F 
Bacon and Davis, Inc.., 5 a Eipadtiaay N 
York, ‘N. Vii44 Pee oh) an 


Military Affairs, United States Senate, 
Problems of War Contracts and Their 
‘Smaller 


War Paodueaay’ Tnsue, May Facts, Ge 
S. May Company, 2600 North Shore. Ave’ 
ALGHES Ill., 8 pages. 


oe 


eral Electric Sees Schenectady, N 
28, pages. F 
Vourtecnthl Repure to Chane on Li 
Lease Operations. Superintendent of D 


Office, Washington 25, D. C., 84 page 
cents. ' 


Scheduling Primer. ee Production Be 
Washington, D. C., 16 pages. 


A Table of Common Hazardous Chemi 
National Fire Protection  -Association, _ 
Batterymarch Street, Boston 10, Mass. Bip ‘38 
pages, 30 cents. 
' 4 
Radio Nag ieenaeean the War. Institute 
Radio Engineers, Inc., 330 West 42d Stre 5 
New York 18, N. Y., 26 pages, 50 cents. 


Consuming Industries—1943, War Pro- 
duction Board, Washington, D. CG., , unpaged. 


Diagrams. I-T-E Circuit Breaker Comp 
19th and Hamilton Streets, Phileas 
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Study of Artificial Respiration on 
Anesthetized Men 


W. B. KOUWENHOVEN - 


FELLOW AIEE 


N anearlier paper! the authors reported 

the results of a study of the methods 
of artificial respiration when conscious 
subjects were used. In that study three 
methods of artificial respiration were in- 
vestigated: namely, the Schafer prone- 
pressure method, the modified prone- 
pressure method, in which the hands were 
rolled or snapped off the subject’s back, 
and the pole-top method.? A total of 15 
men was tested, and the volume of air 
moved by the three methods of artificial 
respiration was measured. All of these 
men were conscious, and the results indi- 
cated that all the methods were adequate, 
with the pole-top methodinthelead. Al- 
though all of the subjects were intelligent 
and presumably capable of completely 
relaxed passivity, such results are always 
open to the criticism that the subject 
may have co-operated, perhaps uninten- 
tionally. 

The investigation was, therefore, re- 
peated, using anesthetized subjects in 
whom there is no possibility of co-opera- 
tive aid. One of the barbiturates, so- 
dium pentothal, was administered intra- 
venously. This drug promptly effects 
unconsciousness and complete muscular 
relaxation. At the outset it depresses 
the respiration, which quickly assumes 
a comparatively steady state. This can 
be maintained safely for a considerable 
period of time by the judicious adminis- 
tration of repetitive doses of the drug. 
Subjects A, B, and C were studied and 
Paper 44-22, recommended by the AIEE committee 
on safety for presentation at the AIEE winter tech- 
nical meeting, New York, N. Y., January 24-28, 
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were carried through the procedure suc- 


cessfully. 


Experimental Procedure 


_ The subject’s breathing was first 
measured while he was in a conscious 
state. A mask was placed firmly over his 
nose and mouth and connected to a spi- 
rometer (gas meter) which measured the 
volume of air breathed. A pneumograph 
was placed around the chest to ascertain 
the amount of chest expansion and con- 
traction. A revolving smoked drum re- 
corded the amount of air passing through 
the gas meter, the chest movement, and 
the time. The data thus secured served 
to determine the amount of air breathed 
in the unit of time necessary to complete 
the experiment. 


The subject then placed himself in a 
prone position on a mat lying on the floor. 
After five minutes had been allowed for 
him to relax, a record of his natural 
breathing was taken. A trained operator 
then gave him artificial respiration, em- 
ploying the standard Schafer method, 


and then after a suitable interval, the 


modified Schafer method. The conscious 
subject, with the mask still in place, 
climbed a pole that was mounted in a 
laboratory, and seated himself astride 
the safety strap of the operator. His 
position on the pole was similar to that of 
a lineman who had received a shock, ex- 
cept that his feet were only about one 
foot above the floor. The subject’s 
natural breathing was recorded, and then 
the operator applied the pole-top method 
of artificial respiration. 

The anesthetic was then administered to 
the subject while he was still on the pole 
and astride the operator’s safety strap. 
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The subject became unconscious quickly, 
and, after the elapse of a few minutes, his 
breathing reached a steady state. This 
was recorded. Then artificial respiration 
was administered by the operator, using - 
the pole-top method. 


When this was completed, the subject 
was lifted down from the pole, while still 
in an unconscious state, and placed in a 
prone position on the mat. The gas mask 
was not disturbed in this operation, The 
subject’s natural breathing in this prone 
position and wnconscious state was re- 
corded. Then the operator applied arti- 
ficial respiration by the standard and 
modified methods in turn. When the 
experiment had been completed, the ad-. 
ministration of the anesthetic was 
stopped, and the gas mask and pneumo- 
graph were removed. The subject was | 
made comfortable and allowed to rest 
until he was fully conscious. None of 
the subjects experienced ill effects from 
the procedure. 

Pauses of several minutes were inter- 
spersed between each operation in order 
that the subject’s respiration might be- 
come normal under the existing conditions 
before the next step of the experimental 
procedure. The results obtained in an 
experiment of this character are not 
strictly comparable to what might be 
expected in individuals in which all res- 
piratory activity has ceased, but they 
probably are as close as laboratory condi- 
tions can provide. 

The data taken are presented in Table 
I. It will be noted that the imposed 
respiratory rate during artificial respira- 
tion is less than in natural breathing. 
This is particularly true of the subjects 
when they are in an unconscious condi- : 
tion. The amount of air moved per res- 
piration is, however, considerably greater. 
It is thus evident that all three methods 
of artificial respiration are more than 
adequate to.supply the necessary ventila- 
tion of the lungs. In the last column 
of Table I the average results reported on 
the 15 conscious subjects in the earlier 
paper! are given for the purpose of com- 
parison. 

In Table II the data are expressed as 
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Table | 


A B Cc Average 
22 Years 38 Years 38 Years Average 15 
Conditions 139 Pounds 160 Pounds 167 Pounds A,B,C Subjects 
Conscious 
Natural breathing in prone position 
- Respirations per minute........ Riatarajeietate VON cretee's UE eS Lieto NE eins ace 13 
Cubic centimeters per respiration..... nga an Ate aint O25 arenes ViQivs ote WRG A Tet 545 
Cubic centimeters per minute..... aiatareue eisteteisaierate ee tetsisleititie atvla e ateleteusicns <ivta ie (AWA A oe 7,090 
Original Schafer artificial respiration* 
Respirations per minute.............005 A creissataee LO s etalsite 12 nies 12) he 11 
Cubic centimeters per respiration,....... AQ. cisere's 1,000...... bios te BUR Garon 845..... . 868 
Cubieicentimeters! per) Minutes = 4.10, xis ore eles steele e.c's wwle ssl ghee lel ele)srerelsi vos ee) <fals) eiamniala 10,150... «3 ¢ 9,540 
Modified Schafer artificial respiration** 
Respirations per minute............ ots TSE presi yA ec Ore maar Ml testa 11 
Cubic centimeters per respiration........ MST ies ae M250 iis ceisve 5250 Sire ses OS6e eee 1,028 
Cubic centimeters per minute...........2e.ccccrcees pis iate etidteteve/sis\e/eieia aiatenatans 10,850...... 10,300 
Natural breathing in trunk-vertical position 
Respirations per minute.............+0- Pa tetra TBS iiyasts LOS wiser dy Ba ae 15 
Cubic centimeters per respiration........ ALS ec .c 5's 625... acto TO00R% nutes 6796.2 8 . 3558 
SUHIC CEHLmeHELS Per tit WER arer stereo 2 e)sl coe eias wise el re, cin ayieysyusalehe/elhecewivueremstereiste 8,830...... 8,370 
Pole top artificial respiration 
Respirations per minute..............0. NOMA 23 14. /Veiae LO Fisher, oye Aine 10 
Cubie centimeters per respiration........ STO sis ier<iere DD ners calor tad te VHOS2..5 tele 1,363 
Gable centimeters per minutes cies cicte o'clelels tele ses «/clejgiesoisie + cieiale ie oleltteia) aisieveiuyais 11,840...... 13,630 
Unconscious 
Natural breathing in prone position 
Respirations per minute............ ees OL Zicta a eters LS) waenalets UD ae 18 
Cubic centimeters per respiration........ Wy ARO r anc BS4ie elie VEY Cee AC 264 
wie CENCIMELETS) PEL AMINES ois.cicicce » © oie 1s”ere! sie « Sivisrs is fslelemt-e terete otejeie civ orale olbte 4,752 
Original Schafer artificial respiration* 
Respiration per minute...........ee0008 UU Dee 3 te Seton 12: exw where 11 
Cubic centimeters per respiration........ 430...... re ae 625..... 590 
Cubic centimeters! Pek WANUt!].<2m:> cs s/s <1ahol<!e.sieves= sie/sioralclels steals Wiel ale! elela:s:¢iale sha 6,490 
Modified Schafer artificial respiration** 
Respirations per minute..............-- OED Arereiets,e MO) raxeis fe WUD reveaarchete 10 
Cubic centimeters per respiration.......... yA topeas SLO a neres 768. 746 
Cnbicleentimeters Per Mintle: 12./<).)slajoels crete erole aleve elojele’ aisle slelslote sieve, etacsiets eiieis\els 7,460 
Natural breathing in trunk-vertical position 
Respirations per minute...,........+2++ VLOG Rf Oras so LOM rere siete 19 
Cubic centimeters per respiration........ WAU ec SBiie neta PAT 3G A6 272 
Cubic centimeters per minute..... SR EIRIC 829 RIC CIRO PLD EAR IORTS COORG ccis ou 5,168 
Pole-top artificial respiration 
* Respirations per minute............0006 ere aya TD Seccke S'S iecsvats 12 
Cubic centimeters per respiration........ (A ogee Ol Zee ve iete W705 Seca 799 
Cubic centimeters per minute. ........200200cscse cer ccsscscenccencarcscee 9,588 


* Hands held in position between pressure strokes. 


_ ** Hands allowed to slip off at the end of each pressure stroke. 


Table Il 


Percentage Increase 
Over Control Period— 


Percentage Difference in 
Air Moved Per Minute by 


Percentage Increase 
Over Control Period— 


Air Moved Per Air Moved Per Artificial Respiration 
» Minute Respiration While Patient Is Anesthe- 
_tized Compared With 
Anesthe- Anesthe- Normal Breathing While 
Conscious tized Conscious tized Patient Is Conscious 
Original Schafer artificial 
Pespiratidny tc... 2 aa neces B2NSS) Ph icatel eso etalve/eeiese 43 (59) *....123.........15 per cent decrease 
Modified Schafer artificial ? 
POSPITALIOM .a0r6 » oie e156 eserc as Al (GO) * 5 Cran. Odie hare 67°(89)) Fe A Sou ete aoe 3 per cent decrease 
Pole-top artificial method ..29 (63) *..... BO pret. 6s 52 (LES) er LOS pee ie 9 per cent increase 


* Percentages for 15 conscious subjects, see reference 1. 


percentage increases or decreases of the 
amount of air moved per respiration and 
per minute over the corresponding periods 
of natural conscious breathing of the 
three subjects. It is evident that the air 
‘moved per respiration under artificial 
respiration is equal to, or greater than, 
the natural breathing of the conscious 
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subjects. The number of respirations 
per minute is less for the artificial respira- 
tion than for the natural breathing of the 
conscious subjects. In the cases of both 
Schafer methods there is a decrease in 
the air moved per minute in the uncon- 
scious state as compared with the normal 
breathing. The pole-top method records 
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a slight increase in the volume of 
moved per minute. Had the tempo oj 
artificial respiration been increased to 13 
times per minute, all three methods would 
have given equal or greater volume of air 
breathed per minute than for natural 
conscious breathing. 

The bracketed figures in Table II are 
taken from the earlier paper. They 
show a higher percentage increase in the ~ 
volume of air moved than was found for 
the three subjects reported here. This 
suggests that a psychological factor may 
be involved in working with conscious 
subjects. The results obtained with the 
unconscious subjects are, however, nae 
subject to this factor. : 


Conclusions 

These studies give evidence of the rela-— 
tive efficiency of the three methods of 
artificial respiration studied, and so far 
as we know they represent the first effort 
to evaluate the worth of artificial respira- 
tion’ in subjects under general anesthesi: 

The data presented indicate that an 
equal or greater amount of air is moved in 
the unconscious (anesthetized) than in 
the conscious subject with each respira- 
tory act. The modified Schafer method ia 
(hands allowed to slip off at the end of 
every stroke) is superior to the standard 
Schafer method, and the pole-top method — 
is more efficacious in the trunk vertical 
position than the Schafer methods in the 
prone position. ; 

It is apparent that all three methods i 
artificial respiration studied are m 
than adequate to supply the fequisite e 
pulmonary ventilation. 
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Synopsis: Because the selection of air- 
craft warning devices has not, in most 
signal installations, provided the pilot with 
dependable warnings of dangerous condi- 
tions, this paper proposes that aircraft 
signal devices should be designed and in- 
stalled in compliance with the pilot’s re- 
quirements as expressed in three design 
principles. 

The publication describes the weaknesses 
of current signal devices; it recommends 
signal light indicators that are bright enough 
to be seen under direct sunlight; and it 
illustrates and describes an automatic 
dimming control that operates as a function 
of natural light, independent of pilot actions. 


ORGETFULNESS on the part of the 

pilot to extend retractable-type land- 
ing gears initiated the requirements for 
positive-warning signal systems on air- 
planes. Malfunctioning of important 
equipment and co-ordination .of crew 
activities brought about the requirements 
for informative signals in aircraft. 

In addition to these requirements, pilots 


demanded warning signals for such items 


as gears ‘not locked,” flaps “‘not down,” 
fuel pressure ‘‘low,” fuel level “low,” oil 
pressure “low,” and cabin “pressuriza- 
tion” “‘off.” Informative signals were 
demanded for oxygen pressure “low,” 
warning of icing conditions, bombing 
signals, paratroop ‘‘jump”’ signals, pas- 
senger call signals, crew call signals, and 
so forth. 

To provide these signals for the pilot’s 
use, it is necessary that the signal indi- 
cators should be designed correctly and 
that airplanes should be equipped with 
the necessary mechanical or electric pick- 
ups, consisting of easily serviceable 
actuating devices or limit switches, pres- 
sure switches, temperature switches, and 
control relays. These electric-signal 
pickup devices and controls have been 
available for some time as serviceable and 
reliable parts and are beyond the scope of 
this paper. 

The signal indicator is the only contro- 


versial item in the airplane signal system, 


and manufacturers, in attempting to pro- 
vide suitable signal indicators, have re- 
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sorted to mechanical flags, vibrators, bells, 
horns, position indicators, indicator lights, 
telltale panels, and similar devices to 
serve as warning signals and as informa- 
tive signals. The selection of these de- 
vices for the signal indications on air- 
planes has been made, in too many cases, 
by compromise decisions which have been 
influenced by restrictions rather than by 
principles. The result of such selection 
of indicators is that many signal systems 
on airplanes are not serving the purpose 
intended. 

The purpose of this paper, therefore, 
is to outline the design principles that air- 
craft signal indicators should satisfy, to 
discuss existing signal indicative devices 
and to what extent they comply with 
these principles, and to suggest signal- 
system methods for improving the pilot’s 
“workshop” so as to relieve him of un- 
necessary duties and thereby lessen pilot 
fatigue. 


Design Principles 


The following principles usually are 
common to the design of all warning signal 
indicators and to the design of most of 
the informative signal indicators in air- 
craft signal systems. 


SIGNALS Must BE ABSOLUTE 


The first principle to be satisfied in 
providing signal indications is that the 


signal device should, by independent ac- 


tion, bring about decisive, ‘positive, and 
effective action. Thus, aircraft-warning 
signal devices should, in themselves, pro- 
vide indications which incite the pilot’s 
reflexes in such a manner that he will 
change quickly and unquestionably to the 
obvious alternate course of action. Infor- 
mative signal devices complying with this 
principle should show, in addition, direc- 
tive indications. This directive-type 
indication is necessary to avoid creating 
any degree of confusion in the mind of 
the pilot or crew member, as the course 
of action may be perplexing for the 
moment. 


SIGNALS DISTINCT 


The second basic rule to be followed in 
designing a signal indicator is to construct 
the indicative device so that it will emit 
signals which are distinct, abrupt, attrac- 
tive, inescapable, and in definite contrast 
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to everything in the proximity of the 
signal during any flight condition. 


SIGNALS Not Aa Hazarp 


The third principle to be observed in 
designing signal indications is to be sure 
that the signal does not constitute a 
hazard and thereby handicap the pilot 
in performing his operations. Violation 
of this principle is exemplified in installa- 
tions where the brilliance of light signals 
is not modulated as a function of the 
natural light. 


These principles are not new, and they 
are seldom ignored by the commercial 
control engineer. Most aircraft engineers 
would like to follow these laws but can- 
not because of the inertia of the aircraft 
industry against cost of the correct de- 
vice in terms of weight, special design 
studies, and manufacturing or procure- 
ment complications. It is because of this 
cumbersome inertia and a desire for 
improvement of aircraft signal systems 
that the comparative description of signal 
devices is disctissed in detail in the next 
section of this paper. 


Existing Systems 


VISUAL MECHANICAL SIGNALS 


Flags and mechanical indicators are 
the oldest type of warning and informa- 
tive signal devices. They have been used 
in the airplane industry on small air- 
planes for such items as landing gear, 
flap, and tab position indicators, Ex- 
amples of this type include push-rod and 
vane indicators on landing-gear mecha- 
nisms, spring- or cable-actuated scale and 
pointer combinations, solenoid-operated 
flags, and solenoid-operated targets that 
become visible by natural light or black 
light. 

These devices have been selected by air- 
plane manufacturers, because they are 
simple to design, install, and maintain, 
and because of the small number of parts 
that need to be replaced. 

Fundamentally, all of these visual-type 
indicators depend on their warning by 
reflected light. The dependence on auxil- 
iary light sources, and the fact that the 
signals are not abrupt or distinct enough 
to attract consistently the pilot’s atten- 
tion cause these signals to be considered 
undesirable warning signals. 

_In general, it may be stated that flags, 
mechanical indicators, and solenoid-actu- 
ated indicators obviously comply with the 
third principle, but do not satisfy com- 
pletely the first and second principles 
discussed in the preceding section. These 
devices do not satisfy the first principle, 
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General 


Lens-end signal lamps. 
Electric Company T 11/4, 3 volts, 3 amperes, 
BM base 


Figure 1. 


because they are not self-sufficient in 
themselves, for the reasons that they re- 
quire auxiliary illumination, are not al- 
ways positive, and, therefore, do not 
bring about immediate action. This 
type of signal does not comply with the 
second principle, because its indications 
are not abrupt enough, are not inescapable 
from the’ pilot’s vision, and are not in 
sharp contrast to all other images meeting 
the eye. 


‘VIBRATORS 


Foot-pedal vibrator-type signals partly 
comply with all three design principles, 
but in most installations signals of this 
type do not fulfill the requirements of the 
first and second principles. Many pilots 
have expressed difficulty in interpreting 
the meaning of the signal, while others 
complained of the lack of contrast of the 
vibration signal with the normal vibration 
of the airplane. 


AUDIBLE SIGNALS 


On practically all large airplanes de- 
signers have installed audible-type signals 
such as high-frequency vibrators, bells, 
and horns as warning and informative 


Figure 2. Photoelectronic dimming control 
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signal devices. Although these audible 
signals, when properly installed, comply 
with all three of the design principles, the 
characteristics of this type of signal limits 
the installation to one or two signals (the 
distance warning signals can be installed 
from the pilot’s ear) and to the objections 
raised by air-line operators if warning or 


informative call signals can be heard by | 


the passengers. _ 
The advantages claimed for this type 
signal include: 


1. The convenience of mounting in waste 
spaces. : 


2. The fact that no modulation of the 
signal volume is required during flight opera- 
tions. 


.8. The fact that the need of replacements 


is rare. 


4. Convenience of electric wiring for remote 
actuation of the audible indicator. 


An example of audible warning or in- 
formative-signal indicator is the vibrator- 
type horn built to conform to Army-Navy 
specification A N-S-8. 


Figure 3. Telltale device as installed in Cur- 
tiss-Wright AT-9 airplanes 


’ This telltale is a visual warning device mounted 


on the instrument panel and contains 18 warn- 
ing and informative signals asshown. Constant 
checking and rechecking of the instruments by 
the pilots has been eliminated, as this device 
is electrically connected to necessary instru- 
ments, controls, and component operating 
parts of the airplane, in such manner as to re- 
port immediately and constantly on their opera- 
tion. These operations are shown by indi- 


vidual lighted signals on the telltale panel 
which are operated by limit switches, pres- 
sure switches, and so forth. The signals, as 
arranged, function as a ‘‘negative-warning’ 
signal device, as a perfectly dark panel indi- 
cates correct operation of the items 
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INSTRUMENT-TYPE SIGNAL INDICATIONS 


Position indicators.in some cases have 
been used to provide warning or danger 


signals as well as informative signals. 


Many aircraft manufacturers have in- 
stalled indicators of this type for the pur- 
pose of combining warning or danger 
signals with informative position indica- 
tions in a centralized location. : 
These combination position and warn- 
ing-signal indicators are available with 
two types of warning signals. In one 
type the warning signals are manifest by 
mechanical flags which disappear when th 
landing-gear units are in the locked posi- 
tion. The other type indicator utilizes 
signal lamps as warning signals. 
This combination instrument, known 
as GE 8DJ4Y6, when equipped with the 
signal lights, is an excellent centralized 
signal and position device in that it satis- 
fies all three of the design principles, pro- 
vided that the brilliance of the light 
matches the natural light. As will be 
discussed tunder light signals, the bril- 
liancy of the signal lights should be con- 
trolled by an automatic modulating or 
automatic step-type control to maintain 
proper brilliancy of the signal lamp to 
satisfy night and day flight conditions. 


-Licut SIGNALS 


Colored lights have been used very 
effectively as warning and informativ 
signals on all types of airplanes. The 
installation of these lights as warni 
signals has been accomplished in the con- 
ventional industrial manner, that is, a 
colored lens shielding a clear electric 
lamp. — 

The greatest disadvantage of li 
signals in any signal system is the nece: 
sity for controlling the brilliancy of the 


signal light as a function of the natural 
light. It is this disadvantage that causes 
the criticism of light signals. This criti- 
cism is, of course, warranted, as light 
signals that are too dim to be distinct in 
bright sunlight do not comply with the 
second design principle, whereas light 
signals that are too bright at night con- 
stitute a hazard to the pilot. 

In view of this brightness factor, most 
airplane manufacturers have provided 
manually operated mechanical or elec- 
trical dimming devices to adjust the bril- 
liance of the light signal to correspond to 
the natural light in the cockpit or control 
toom. These manual devices, however, 
do not solve the light-intensity control 
problem for the reason that the pilot or 
crew member is not reminded to turn up 
the intensity of the signal light to match 
the sunlight conditions. Thus, it often 
happens during daylight operation that 
the warning light is energized, but no 
signal warning is noticed by the pilot for 
the reason that the light had been dimmed 
previously for night intensity. Even with 
semiautomatic schemes this condition still 
exists. For example, in signal-light instal- 
lations where dimming is accomplished 
by the introduction of resistors by relay 
in the signal-light circuit by turning the 
navigation lights “on,” the failure to 
increase the signal intensity is not pre- 
vented. Only the possibilities are re- 
duced. 


BRIGHT-BEAM LIGHT AND 
PHOTOELECTRONIC DIMMING DEVICE 


This year a signal-light system has 
been perfected that will satisfy all three 
design principles. Figure 1 shows the 
signal light itself, and Figure 2 illustrates 
the photoelectronic dimming device which 
controls the brilliance of any number of 
signal lights as a function of the natural 
light without any attention on the part 
of the pilot or crew member. 


New SIGNAL LAMP 


The lamp shown in Figure 1, although 
similar to the General Electric Mazda 
319 or 320 28-volt bombing signal lamp, 
is identified as a General Electric T 11/., 
three-volt 0.30-ampere lens-end BM-type- 
base signal lamp.* This lamp was de- 
veloped to produce a high-candle-power 
light beam which would serve as a dis- 
tinct and inescapable light signal in direct 
sunlight. As of this writing, this lamp 
is the only unshielded signal lamp, suit- 
* BM-type base refers to the special lamp base de- 


signed to match the Bardwell-McAlister lamp 
socket. 
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able for aircraft uses, with which off 
and on can be distinguished readily under 
the direct rays of the sun. 

This lamp was designed especially for 
low-voltage operation to insure long life 
(at least 250 houts) and to use a heavier 


_ and less-destructible filament. Thelensin 


the lamp end is similar to the lens used 
in a “penlite’’-type flash-light lamp. The 
lamps have been supplied in red, amber, 
blue, clear, and green. 


PHOTOELECTRONIC DIMMING DEVICE 


The photoelectronic dimming-control 
device shown in Figure 2 is referred to as 
General Electric 7505-L-108. This auto- 
matic-control unit can be obtained to 
actuate automatically a relay, to open or 
close resistor circuits, which dims or 
brightens any number of signal lamps in 
accordance with the requirements for 
twilight or daylight. 

As the photoelectronic tube is sensitive 
to any degree of light changes from one- 
foot candle and upward, the selection of 
photoelectronic units for any particular 
airplane can be obtained for dimming con- 
trol in as many steps as desired. 

The photoelectronic device shown in 
Figure 2 consists of a photoelectric tube, 
amplifier tube, sensitive relay, resistor, 
and mounting. The unit, as pictured, 
weighs less than a pound and operates 
fromany 24-volt d-c supply. 


ELECTRIC CIGARETTE-LIGHTER-T YPE 
DIMMING CONTROL 


Another automatic device has been 
designed to control the dimming of signal 
lights, but the weight is about the same, 
and it does not offer complete control. 
This proposed device is a thermal time- 
delay switch which instantly dims the 
signal light for a five-minute period only, 
then snaps to the original bright position 
in much the same manner as an electric 
cigarette lighter. This device does not 
permit the signal-system installation to 
satisfy completely the third design prin- 
ciple, as it repeatedly constitutes a 
momentary hazard during night-flight 
operations. 


TELLTALE 


The telltale device shown in Figure 3, 
manufactured by the American Automa- 
tic Company GH-70,350, is a centralized 
signal indicator which incorporates all of 
the control-room signals into one com- 
pact panel. Installation, as made on 
many hundreds of airplanes, provides for 
18 light-signal indications with the cor- 
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responding illuminated-directive nomen- 
clature all arranged on a panel 3 by 31/2 


. inches. 


This device, in addition to showing 
warning and informative signals, includes 
directive signals to indicate to the pilot 
incorrect setting of important controls 
such as propeller, mixture, manifold pres- 
sure, carburetor heat, and trim tabs. Ac- 
tuation of these directivesignalsin the tell- 


tale panel is accomplished by automatic 


switching that is a combined function of 
the control setting and the flight regime. 

Considered as a whole, this device 
complies with all three signal-indication 
design principles, except those conditions 
under which the second principle is vio- 
lated. Like the manual-control shutter- 
dimmed signal lamps previously men- 
tioned, the telltale unit is susceptible to 
daytime operating conditions where the 
dimming shield could be partially closed 
for night operations, and the pilot would 
overlook the telltale signals. . As was 
discussed under “‘Light Signals,” an auto- 
matic dimming device would correct this 
difficulty, and the telltale signal indicator 
would then satisfy all three design prin- 
ciples. 


Concluding Recommendations 


From the discussion given in this paper, 
it is recommended that all warning and 
informative signals should be light signals 
which are bright enough to be seen under 
direct sunlight. As part of this recom- 
mendation, it is suggested that the light 
intensity of the warning and informative 
signals should be controlled automatically 
as a function of day or night operation. 
For special requirements the light inten- 
sity should be modulated automatically 
or adjusted in steps to correspond with the 
natural light. Referring to the three de- 
sign principles mentioned at the begin- 
ning of this paper, it is believed that a 
signal indicator complying with these 
suggestions will provide light signals 
which are absolute, always can be de- 
tected, and will not constitute a hazard 
to the pilot. 

It is further suggested that to reduce 
pilot fatigue and to eliminate unnecessary 
searching of instrument indications more 
signals should be added to the airplane 
signal system. By the same reasoning it 
is recommended that these additional 
signals should be grouped into a central- 
ized location in a manner similar to that 
utilized by the telltale panel shown in 
Figure 3. 
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Cultural Training of the Engineet 


A. BOYAJIAN 


FELLOW AIEE 


T is generally recognized that a profes- 
sional man must have a certain amount 
of cultural training, in addition to ‘the 
technical, so as to be better balanced, 
more useful to the society, and more suc- 
cessful; and engineering curricula gen- 
erally make provision for it. However, it 
appears questionable whether the cul- 
tural program is as well suited to its ob- 
jectives as the technical programs are to 
theirs. As a parent, the author had oc- 
casion to look into this matter during the 
past several years and was led to the con- 
clusion that the quality of the conception 
and execution of the cultural training of 
the engineer is definitely inferior to that 
of his technical training. 

Although the author would be pleased 
if this paper should stimulate a general 
discussion and careful review of the situa- 
tion by competent authorities, leading to 
its amelioration, yet his immediate pur- 
pose is more modest—to share some of his 
thoughts on this matter with the parents 
of prospective technical students.* 


A Basis for Planning 


Considering the great variety of cul- 
tural subjects and the wide divergence of 
tastes, it may be a question whether a 
generally acceptable cultural program can 
' be planned. Think of the cultural value 

and fascination of the fine arts—music, 
painting, sculpture, architecture, dra- 
‘matics, dancing, and so forth. Of the 
classics—poetry, fiction, drama, essay, 
mythology, and so forth. Of philosophy 
~——logic, metaphysics, and so forth. Of 
the social subjects—sociology, anthro- 
' pology, even archeology, politics, eco- 
nomics, and so forth. And history— 
political, social, revolutionary, and so 
forth. And—but why enumerate more? 

What shall we recommend to our sons 
specializing in science or technology? Is 
there a basis for choice other than indi- 
vidual taste? 

I think there is such a basis, and it is 
to be found in certain common and urgent 
needs of the average student. The short- 


Paper 44-3, recommended by the AIEE committee 
on education for presentation at the AIEE winter 
technical meeting, New York, N. Y. January 24-28, 
1944. Manuscript submitted May 11, 1943; made 
available for printing October 29, 1943. 


A. Bovajran is electrical engineer for General Elec- 
tric Company, Pittsfield, Mass. 

* The views expressed here are those of the author 
himself and do net necessarily represent those of 
the company with which he is associated. 
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age of available time for this purpose 
makes it imperative to pass by most of 
the fascinating subjects mentioned, to 
assure that certain ‘‘must’” subjects are 
properly taken care of first. 


Student’s Needs 


I think we can get general agreement on 
at least the following three cultural needs 
of the average student as fundamental: 


1. Knowledge of and skill in studying 
efficiently. 


2. Knowledge of and skill in dealing with 
himself and others successfully. 


8. Ability to express himself well in speech 
and writing. : 


Let us examine each item in its turn. 


1. How to study is perhaps the most 
pressing problem of the freshman. Little 
or no instruction is given in this matter 
by the faculty; in its place, frequent 
quizzes are given to “‘put the screws on” 
the freshman. He must discover for 
himself how to study or be eliminated. 


This should have been learned at the 


high school, but it was not. The fel’ow 
was then still a ‘‘darling boy,” and we 
regretted that he had to do homework at 
all, instead of being out in the fresh air 
or in bed, or having fun with other young 
people—boys and girls. Unprepared for 
serious study, the freshmen fret and 
swear, smoke and scribble and spit, and, 
finally, about half of them evolve some 
temporary modus vivendi whereby they 
survive for four* years to receive their 
diplomas. After that, books and studies 
may go overboard. Four years of those 
things were too much already! 

2. How to deal with himself and others 
is another great problem of the student, 
but he is not generally aware of it, and no 
particular attention is paid to it by the 
faculty. 

Years ago, at a gathering of young engi- 
neers, a big engineering executive was 
asked for the key to success. ‘“‘Boys,” he 
said, “‘Pay close attention to your mathe- 
matics;” but, later, when the same ques- 


_tion was put to him again, now by a 


friend of his and in the privacy of his 
home library, the answer was: ‘‘George, 
the key to success in engineering is 40 
per cent technology, 60 per cent diplo- 
macy.” | 
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Whether it is called diplomacy, of 
social psychology, or simply human rela- 
tions, a certain amount of proficiency it 
it is essential in the successful practice 
of engineering. More of it is required, 
of course, in managerial positions than in 
the ranks, but that the latter group fre- 
quently do not possess even the modicum 
that they need is indicated by the pub: 
lished experience of one large organiza- 
tion to the effect that in a period of depres- 
sion the selection of technical men for 
layoff was more often for lack of co-opera- 
tiveness than for lack of technical 
ability.1 _ 

It is probably safe to predict that the 
student who is brilliant in technology but 
just passable in human relations will in 
time work for the one who was just pass- 
able in technology but brilliant in human 
relations. , 

3. As for self-expression, technical 
schools pay only a limited attention to 
speech but are generally interested in 


- writing, and in this the freshman i 


traditionally deficient. This deficiency is 
supposed to be due to lack of knowledge 
of the English language, and so the fresh= 
man is required to take English. But 
the principles of good writing are the same 
in any language, so good writing cannot 
bea matter of knowing the English lan= 
guage. Good writing can be done (fre- 
quently is done by the masters) in various 
dialects and slang; it can be done in 
basic English, even in pigeon English! 
Think of the gems in negro dialect! 
Knowledge of good English usage is of 
course highly desirable, but too much is 
expected of it when it is assumed that 
knowledge of English is the main 
in writing well. 

Just because writing is important, 
speaking should not be treated casually. 
Speaking ability is a greater asset for an 
executive than writing ability. After all, 
should the necessity arise, it is possible 
to hire someone to write for you but not 
to speak for you. Furthermore, a good 
speaker can always produce a good manu- 
script by dictating as if he were giving 
a talk; but let’a person talk as if he were 
writing a technical paper—what a disap- 
pointment that would be! Dr. Heiser 
has told us the secret of how he wrote his 
best seller, ‘An American Doctor’s 
Odyssey.”” He realized that if he 
down to write his experiences, the prod 
uct would probably be ‘‘a dry Rockefeller 
Foundation report.” So he changed his 
plan. He knew that through years of 
practice he could talk fairly interestingly, 
so he hired an alert newspaperman to 
interview him, and a stenographer te 
record the interview. A best seller was 


an 
hing 
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hus produced in a short time and without 
he usual drudgery of book writing. 

I believe that for the average profes- 
ional man the ability to speak before a 
roup clearly, convincingly, and grace- 
ully is a greater asset than ability to 
rite well. 


Jrgency of the Problem 


These three needs of the student can- 
lot be postponed. He must acquire in his 
reshman year not only an efficient study 
echnique, but also a variety of other 
labits essential toa successful personal- 
ty. The college term, particularly the 
r2shman year, is the terminal period: of 
tansition from the plastic to the rela- 
ively nonplastic phase of life and may be 
ooked upon as the student’s last oppor- 
unity to shape his personality into a 
lesirable pattern. Soon he will be “‘set’’; 
1e will become a mere ‘“‘walking bundle of 
iabits,”’ to quote William James, the 
sychologist. A complex network of 
ntellectual, emotional, and motor habits 
will then constitute his entire personality 
md will determine even the details of his 
orofessional style and judgment. If this 
complex of habits is developed haphaz- 
wdly and unawares, what probability 
would there be of anything but a medtocre 
ersonality developing, unless an excep- 
ional heredity or a great inspiration or 
an exceptional set of circumstances should 
exist ? : 

Credit units in classics and meta- 
shysical speculation may be helpful but 
would not assure the kind of culture that 
4 parent is likely to contemplate for his 
son. Furthermore, culture has not been 
acquired until it has become second 
aature through habit. The college years 
therefore should be utilized eagerly as the 
student’s last opportunity to form these 
aabits by practice with reasonable ease 
and under competent guidance. 


Meeting the Needs 


The basic cultural course generally re- 
juired at the present time is English, but 
t is the opinion of this writer that if the 
foregoing needs of the student are true, 
hey can be met best by practical 
ysychology. It is not advocated that 
English be dropped but rather that it be 
ypproached as a problem in psychology 
ather than one in language. 

Of course, a course in psychology is not 
zecessarily cultural. It will not be so un- 
ess it is competently planned and con- 
jucted for this end. Let us note some of 
the features of such a course. 

(a). The most important topic in 
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practical psychology for our purpose is 
that of habit. The classic Chapter III on 
habit in James’s two-volume psychology 
(or its equivalent) should be used as the 
text for half a dozen lessons, coupled 
with a judiciously chosen set of exercises 
in habit formation. The student should 
realize that there is infinitely more to 
habit than nail-biting or smoking; that 
it is the one great principle of personal 
efficiency, because it is the principle of 
mechanization—automatization—of hu- 
man behavior; and that not the breaking 
of so-called bad habits but the building 
up of his idealized social and professional 
personality through conscious, systematic, 
and habitual formation of habits is the 
major interest of habit psychology. As 
the student is made habit-conscious and 
as he develops a few judiciously chosen 
pleasant and profitable habits as labora- 
tory exercises and gets the “‘feel’” ‘of it, 
he will be incidentally forming the most 
important habit—the master habit— 
namely, the habit of soundly planning 
and promptly mechanizing as much of 
his routine life as possible so that his 
mind may be relieved of routine drudgery 
and be set free to engage itself in more 
pleasant tasks and greater achievements. 
With proper work, study, play, and social 
habits formed (or at least well started) in 
the freshman year, the student is prepared 
for the most efficient utilization of his 
time and abilities for the development of 
his professional skills and personality 
during the following three years. ) 

Habit psychology is a basic principle 
of any training, for training is primarily 
the conversion of knowledge into habit 
patterns by practice. If one thinks that 
the development of skill, rather than that 
of habit patterns, is the primary feature 
of training, he may do well to consult a 
good reference on habit psychology, in 
which he will discover that habit for- 
mation is the foundation of development 
of skills; for, after all, the major instru- 
mentality in the development of skills is 
practice, and practice is inseparable from 
habit formation. 

Many psychologists, engrossed in their 
specialties, do not seem to be actively 
aware of these things. The eminent 
psychologist, Dr. Link, has confessed as 
much—that he was not alive to these 
things until he observed the needs of his 
adolescent children.?’? 

(b). The next most important topic in 
practical psychology is human motiva- 
tion. Properly taught, this should enable 
the student to see quickly the other fel- 
low’s point of view which generally 
amounts to his motivation. Much of our 
nontechnical reasoning, especially in 
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' arguments, is nothing but rationalization, 


defense, and wishful thinking; in other 
words, biased or emotional thinking. 
That is why arguers never get anywhere 
with proofs. That is why an appropriate 
incentive convinces people so much bet- 
ter than logiva'’ evidence; and, as Hitler 
has demonstrated it, if the incentive is 
there, people will easily believe the biggest 
lies. ‘The will to believe...” 

(c). The thought process and principles 
of clear thinking are naturally another 
important topic in psychology to be made 
clear to the freshman. Advertising 
psychology, political publicity, propa- 
ganda «nalysis, and scientific thinking, 
may be treated here in condensed form 
with great benefit and interest to the 
student. 

(d). Then the eyes of the student must 
be opened to the power of attention and 
its significance towards his academic suc- 
cess. He should be enabled to see that 
the marvels of hypnotism are merely the 
product of an undistracted and concen- 
trated attention; and that, if he wishes to 
be able to match the apparently superior 
power, intelligence, and memory of a 
hypnotized person, without the hocus- 
pocus of hypnotism, he can do so by cul- 
tivating his power of concentration. 
Would he then have any. difficulty in 
studying at college or concentrating on 
creative work later? ai as 

(e). Practical psychology naturally 
forms the foundation of successful public 
speaking also. Many teachers of public 
speaking preoccupy the class with voice, 
posture, and other details to the exclusion 
of a psychological analysis of why a 
given speech is good or bad. “Not what 
to say but how to say it” is the watch- 
word of some of them, the “how” being 
interpreted rather narrowly. But “what 
to say” is incomparably more important 
than “‘how to say it.” If the presenta- 
tions of papers at the AIEE meetings are 
frequently unsatisfactory, the basic 
reason, I think, is a lack of understanding 
of the psychology of the audience. The 
speaker probably is talking to a few 
specialists like himself sitting near the 
front to hear him well. That is why the 
rest don’t hear him well; and when they 
do hear him, they do not understand 
what he is saying. I expect that if the 
psychology of the speaker is corrected, 
his voice and other important faults will 
automatically correct themselves. 

Out of the mass of thoughts that are 
always available within the scope of the 
subject and the knowledge of the speaker, 
the selection of those which are best 
adapted to the background of the audi- 
ence, the arrangement of those thoughts 
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in a logical sequence, the phrasing of 
them in graceful fashion, and their pres- 
entation in an audible pleasing manner, 
is the common sense of good speaking as 
the audience itself would define it; and 
_ the audience, as the customer, is right. 
It is well enough to have public 
speaking taught to technical students by 
professional public-speaking teachers, but 


in some cases it may be necessary to sup- 


plement such instruction by having one 
or more technical men gifted in public 
speaking and able to make psychological 
analysis of a given speech sit in at the 
classes as audience and critics. 


(f). The basis of good technical writ- 
ing also has to be practical—common 
sense—psychology. This requires the 
selection of essential information, its ar- 
rangement in logical order, and its expres- 
sion in a manner that will be clear and 
interesting to the intended readers. How 
little the study of the English language 
has to do with this! The knowledge of 
English—vocabulary and grammar—of 
the average freshman is fully adequate for 
his needs. The training he needs is in 
organizing his thoughts and expressing 
them! in the words he knows. Of course, 
the study of the masters of English style 
is helpful and to be recommended within 
the very limited time available for that 
particular purpose, but we must not also 
forget the desirability of developing the 
student’s own individual style. Too much 
emphasis on masters can destroy the 
student’s individual style. 

The merits of the student’s English 
composition or technical report should be 
analyzed and appraised not from the 
standpoint of language but from the 
standpoint of the psychological principles 
of holding the reader’s attention, impart- 
ing information to him and influencing 
his reaction in a desired direction. A 
course in English composition in which 
the instructor does no more than editorial 
corrections, I should consider a waste of 
student’s time. 

(g). The success of a course in English 
literature as a citltural medium depends 
on how it is selected and how approached. 
The point of view of a professional ‘“‘lit- 
terateur” can have little cultural value 
for the engineer. For instance, I pick 
up a book by an eminent literary critic, 
entitled something like ‘‘The Stories I 
Have Enjoyed.’”’ I read a selection and 
am disgusted—no big idea, no real human 


interest in it. Then I find out that the - 


critic selected it because the technique 
of that kind of a story is considered very 
difficult, and the author of this story “got 
away with it.” Over and over again I 
have observed literary critics (and musical 
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critics) discuss at length considerations 
that can be of very little interest to those 


with only a general cultural interest in 


the matter. 

What makes great literature great— 
the kind that lives through the centuries— 
is not its linguistic skill, but the profound 
insight into human nature that it exhibits; 
for instance, Shakespeare. But even the 
cultural value of a course in Shakespeare 
can be spoiled for the engineer by ap- 
proaching it from the standpoint of liter- 
ary technique. 


In order to serve best the interests of — 


the engineer, the teacher of literature 
must bear in mind constantly that what is 
needed is primarily a literature-apprecia- 
tion course, carrying with it the following 
corollaries: 


1. The teacher will have to work harder 
than the students. Especially in the compo- 
sition work, he should be able and willing 
to rewrite the student’s material and ex- 
plain to him why one was bad and the other 
one is good. 


2. -Selections for reading must be chosen 
carefully and abridged to the limit to save 
the student’s time. It will be better to err 
on the side of making it a “snap” course, 
rather than a difficult course which will 
antagonize the student and make him hate 
literature ever after. I should consider it 
a highly successful course if in literature the 
teacher accomplished no more than infusing 
the student with such an appreciation of 
good literature that the student will con- 
tinue reading it in later years. 


3. Engineering students should not be 
combined with those majoring in literature 
and made to follow the latter’s volume of 
work and point of view. 


Broader Obligations 


_ The engineer is frequently criticized for 
not playing a leading part in the social, 
civic, and political problems of his com- 
munity. To remedy it may require 
more than one measure, but it appears to 


this author that the first step in effective 


preparation for such leadership is for 
the engineer to understand the psychol- 
ogy of himself and-his fellowmen. That 
done, a course in sociology, or govern- 


ment, or economics, and so forth, may be 


added if time permits. In any case, if 
the graduate is well grounded in the gen- 
eral principles of human behavior and 
relationships and has had some systematic 
practice in college, he can obtain later, by 
private study, any additional knowledge 
needed for the civic activity into which 
he may wish to enter effectively. 

Life has many surprises, and we may 
at any time be thrown into unexpected 
problem-situations. In such cases, we 
may count on the engineer to solve the 
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cated here can certainly be had in the ti 


technical problems involved, even th 
they may be far outside of his spe 
and we may fear his failing on accoun 
mismanagement of the human probl 
involved, unless he has had special tr 
ing or was born with an instinct for 
human equation. War is such a situa 

At the AIEE Northeastern Distri 
meeting in Pittsfield (April 1943), Col 
Beukema told us that the reports recet 
from the officers in the field indicate 
the soldiers with cultural training ma! 
better leaders, and therefore the Arm 
specialized training program is ma 
some provision for such training.* 
understand that the Navy program 
even more generous in this resp 
While I do not know whether the A 
or the Navy has made any appraisal 
the value of different cultural courses fo 
its purposes, the type of basic cult 
training here advocated would seem 
be superior to classics, philosophy, 
so forth, for the fighting man. 


Problem of Time and Place 
The minimum cultural training adve 


now allotted for the humanities. It 
pears to this writer, however, that thi 
who are particular about the nature 
quality of such training are likely to 
for more of it and for some addition: 
subjects, thereby prolonging the curri 
lum by another half year or full year. 
normal times and the long run, I thin 
the student is likely to be well repaid 
the extra time. A five-year curricu 
for the engineer is not unreasonable con 
pared with the seven years many chemi: 
are putting in now (to secure a degree | 
doctor of philosophy), the eight years tk 
physicians generally put in, and the fi 
to seven years that the requirement 
some of the graduate schools of engineer: 
ing entail. 
As to the place, as things Re OV 
some students may find it necessary 
consider the advisability of dividing t 
time between two institutions, one for 
cultural courses, the other for engineerir 
especially if an extra year is to be devo 
to the purpose. This naturally rai: 
questions of loyalty and the difficulty 
achieving advanced positions in the so 
and extracurricular activities in eith 
institution, which in their turn work cot 
trary to the major goal. I think certai 
arrangements have less objectionable 
features than others. The most prope 
solution of the problem is that the cult 
curricula of the engineering schools be 
made as efficient as their engineering cut 
ricula. 
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Electronically Controlled Dry-Disk 
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N spite of the practically universal use 
of alternating current for power gen- 
tation and distribution, there exists an 
ver-increasing demand for direct cur- 
ent. To obtain direct current from the 
wailable supplies of alternating current, 
neans of rectifying the alternating cur- 
ent have been developed. While many 
ypes of equipment are available, three 
pes, each supreme in its own range, are 
ound to be in general use for heavy-duty 
l-c power applications. The mercury arc 
las proved most efficient for the higher 
voltages from 250 volts on up. The inter- 
nediate range from 60 volts to 250 volts 
Ss supplied by the motor generator set. 
(nm comparatively recent years the low- 
yoltage range from 0 to 60 volts has been 
aken over more and more by dry-plate 
‘ectifiers. 
_ The dry-plate rectifier was first intro- 
luced approximately 30 years ago when 
he copper-sulfide rectifier was developed. 
water in the early 1920’s the copper- 
ymxide rectifier was brought out. Re- 
ently, in fact during the last four years, 
elenium-oxide rectifiers have found wide 
isage in American industry. The sele- 
ium rectifier was developed and intro- 
luced in Europe in 1928. Continental 
ieceptance of this rectifier has been wide- 
pread, for latest estimates indicate that 
38 per cent of the metallic-junction recti- 
iers in use abroad are selenium. 


Rectifier Characteristics 


The selenium-oxide rectifier has much 
0 offer in the way of stability, efficiency, 
conomy, dependability, compactness, 
ight weight, and ability to take heavy 
erloads for periods of short duration. 
Within the lower-voltage range it com- 
ares more than favorably with rotating 
quipment. 

Similar to most electrical equipment, 
elenium rectifiers are designed for a tem- 
erature rise in continuous operation of 
0 degrees centigrade above an ambient 
faper 44-8, recommended by the AIEE committee 
n electronics for presentation at the AIEE 
‘inter technical meeting, New York, N. Y., Janu- 
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of 35 degrees centigrade. This means 
that up to the ultimate temperature there 
is no theoretical limit upon current han- 
dling capacity, and, consequently, the 
rectifier has the ability to handle large 
overloads for a short interval. The prin- 
ciple components of the selenium rectifier 
are transformers, selenium stacks, and 
bussing. These are all static elements, 
each of which has an indeterminately 
long life. Because of this freedom from 


“moving parts, bearings, and commuta- 


tors, the dry-plate rectifier offers com- 
pletely dependable maintenance-free 
operation. Selenium stacks readily lend 
themselves to compact space design and 
even the largest rectifiers require no 


- foundation. 


The low forward resistance and high 
reverse resistance of the selenium stack 
combine to give the rectifier excellent 
economy and efficiency. Power tests 
show rectifier efficiencies of between 65 
per cent and 85 per cent, depending upon 
the circuit and the load. The forward 
resistance of the stack is an inverse func- 
tion of the stack current. Consequently, 


* the J and R loss will tend to remain con- 


stant, and the rectifier will maintain 
high efficiency with unusual consistency 
from 20 per cent to 150 per cent of full 
load. In the larger equipment the effi- 
ciencies of rotating equipment compare 
with that of the selenium rectifier at 
full load, but the efficiency of rotating 
machinery drops rapidly as the load 
deviates from full load. 

It is only in the matter of control and 
regulation of the output voltage that the 
average large selenium rectifier is sur- 
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Figure 1. Block diagram 
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passed by rotating equipment. Normal — 
no-load to full-load voltage regulation for 
selenium rectifiers is 10 per cent to 18 
per cent. While such regulation is satis- 
factory for most applications, there is 
still a great number of installations which 
require closer voltage control and regula- 
tion over a wide range. It was to meet 
this need that the fully automatic elec- 
tronic control discussed in this article 
has been developed. The control makes 
it possible to obtain output voltages con- 
stant to one half of one per cent from 
selenium rectifiers even when the rectifier 
is subjected to widely varying loads and 
large changes in input line voltage. The 
design of the control is such that it can 
be used on either large or small rectifiers 
without any circuit changes. 


Regulated Rectifier Basic 
Elements 


The basic elements of a regulated 
rectifier (Figure 1) are a critically de- 
signed filter, a source of constant d-c 
potential, a high-gain d-c amplifier, 
thyratron-controlled saturating reactors 
and the selenium-oxide-rectifier disks: 
with their associated transformers, In 
brief, the operation of these sections is as 
follows: The d-c voltage output of the 
selenium rectifier is passed through a 
filter to eliminate the a-c ripple and then 
compared against a constant d-c poten- 
tial. This difference between the filtered 
rectifier voltage and a constant potential 
is applied to the grid of a high trans- 
conductance tube used as a d-c amplifier. 
Such circuiting gives relatively large d-c 
voltage changes from the amplifier for 
small changes in rectifier voltage. These 
changes in amplified direct current are 
used to form the basis for a d-c phase- 
shifting network that controls the grids of 
a pair of thyratrons. The regulated out- 
put of the thyratrons is circulated through 
the secondary windings (connected in 
series with proper phase relationship so 
that reflected primary voltages cancel) 
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Figure 2. Filter circuit to eliminate ripple 


from d-c output voltage before comparing 
against fixed voltage 
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of saturating reactors that are in turn in 
series with the primary windings of the 
rectifier power transformers. The com- 
ponents of the control are sequenced so 
that if, for example, an increase in load 
were to tend to lower the rectifier volt- 
age, the decrease in voltage would be 
amplified and used to shift the thyratron 
grids forward to cause greater saturating 
current to flow through the reactors de- 
creasing the drop across the reactors and 
increasing the voltage across the power 
transformer. 


Filter Design 


One of the greatest single problems en- 
countered in the development of the 
successful circuit was that of a suitable 
filter for the potential taken from the 
rectifier output to actuate the control. 
’ Because of the necessity for using a com- 
parison voltage and an amplifier, even 
the small a-c ripple present in the output 
of a three-phase selenium rectifier is 
amplified enough, if applied directly 
without filtering, to render the phase- 
shifting circuit of the thyratron com- 
pletely inoperative. The commonly used 
reactor-capacitor filters were found to be 
impractical. Their extremely high time 
constants: make it impossible for such 
filters to follow rectifier voltage variations 
very closely with the result that they 
cause the rectifier to hunt and oscillate. 
The filter required therefore was one with 
a very high a-c attenuation factor, prac- 
tically no d-c attenuation, and an ex- 
tremely low time constant. The answer 
was found to lie in a variation of the Wien 
bridge (Figure 2). 

By proper selection of constants it is 
possible to have the a-c voltage from B to 
C equal in phase and magnitude to the 
a-c voltage from D to C. As these 
vectors then subtract, the a-c potential 
from B to D equals zero. Resistance 
R, across X¢, acts to keep the d-c poten- 
tial between B and C equal to zero. 
To hold the d-c attenuation at a mini- 
mum, X¢, should be very small as com- 
pared to Xq@; however, any decrease 
in Xq, will result in an increase in the 
time constant of the filter. The constants 
of the filter may be calculated and curves 


computed for the lowest possible time 


constant by use of the following equa- 
tions: 


Keke. 


RX co? = 
ao =Rgpc—jX ze 


C20 Ra pe RK a 


As the voltage across BC must be in 
phase with the voltage across AB, 


Ri/Rec=Xai/X ze 
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The time constant of the filter is a func- 


tion of C, and the resistance in series with 
at, that is, Ry+R:: 


Time constant « C;(Ri+R2) 


For example, if in a three-phase full- 
wave rectifier whose fundamental ripple 
frequency is 360 cycles, Ri=100 ohms, 
Xc, equals 100 ohms (4.4 microfarads), 
and R; equals 2,000 ohms, the d-c output 
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Figure 3. Simplified 
control circuit 
T1P—Transformer 1 
primary winding 
T1S—Transformer 1 
secondary winding 
R1P—Saturable re- 
actor 1 primary 

winding -o 
R1S—Saturable re- 
actor 1 secondary 

winding 


of the filter will be approximately 91 per 
cent of its input. If the time constant 
were to be cut in half by changing Xq 
to 200 ohms (2.2 microfarad), the output 
of the filter would still be approximately 
83 per cent of input. 


Comparison Voltage and Amplifier 


The output voltage of the filter is 
compared with a constant voltage ob- 
tained from potentiometer P (Figure 3), 
and the difference is applied to the grid 
of tube 2 for amplification. As we are 
taking the difference between two volt- 
ages, small changes in filter voltage mean 
relatively large percentage changes in the 
tube grid potential. For example, if 
the filtered voltage were 25 volts and the 
constant comparison voltage 24 the differ- 
ence or applied grid voltage would be one 
volt. Now if the filtered voltage increases 
four tenths of one per cent to 25.1 volts 
the grid voltage increases to 1.1 volts 
which, of course, is an increase of ten 


_per cent. The variations in grid voltage 


of tube 2 cause it to act as a variable re- 
sistance. The changes in internal resist- 
ance of the tube will naturally cause 
changes in the voltage drop across the 
tube. These voltage changes are such as 
to tend to limit the voltage amplification 
obtained. However, beam power tubes 
or pentodes which are little affected by 
plate voltage give excellent results. By 
operating tube 2 with a low screen grid 
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_ purposes. As the screen current of tube 


potential which is maintained constant 
and proper choice of load resistance it is 
possible to obtain d-c voltage amplifica 
tion of 20 to 30 decibels with one tube. | 

The constant voltage used for compari- 
son against the filtered potential can be 
obtained by several methods. Probably 


O0000 


3-PHASE 
POWER SUPPLY 


gaseous regulator tubes. Such tubestar c! 
readily available and are produced today 
with excellent characteristics and long life. 


The regulator tube shown as tube 1 in 
Figure 3 supplies constant voltage for two 


2 will tend to vary with changes in grid 
voltages, additional amplification and 
stability is obtained by using the constant 
drop across tube 1 for the screen grid 
bias of tube 2. A potentiometer P 


against the filtered output. The poten- 
tiometer is the means by which the con- 
trol is set for any desired rectifier output 
potential. ; 


Figure 4B. Phase relations of thyratrons with 

d-c component of grid voltage equal to nega- 

tive quantity — 

Vp—Thyratron anode voltage 

Vi2g—A-c component of thyratron grid voltag: 

Vizr—D-c component of thyratron grid voltage 
VC—Critical thyratron firing voltage 
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Phase-Shifting Network 


As the internal resistance of tube 2 
can be varied from extremely high’ values 
to very low ones, the potential across EF 
(Ver) can be swung from positive through 
zero to negative. Vzr combined with 
the a-c output of transformer 7, forms 
a d-c phase-shifting network that con- 
trols the grids and consequently the out- 
put of the thyratron, tubes 3 and 4. The 
voltage across the secondary winding of 
transformer 2 has been shifted 90 degrees 
with respect to the secondary winding of 
the plate transformer of the thyratrons, 
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Figure 5. Single-phase ‘network to. obtain 
voltages shifted 90 degrees with respect to 
Ie reference voltage 


~” Xo is much greater than R 


‘transformer 1. If Vp is the plate voltage 
of one of the thyratrons, and Vm is the 
grid voltage, Figure 4A shows that with 
Vzr=0 the grid-voltage curve intersects 
the critical grid curve at the point A 
where the tube fires and conducts 
current until Vp=0. However, if Vzp is 
equal to a negative quantity, Figure 
4B, the tube will not fire until point B 
and will conduct correspondingly less 
than when Vgr=0. When Vz, goes 
positive, the critical grid voltage is inter- 
sected sooner, and more current is passed. 
The 90-degree phase shift required for 
Vg may be obtained by two methods. 
For singl2-phase operation (Figure 5) the 
primary winding of transformer 2 is con- 
nected in parallel with a resistance and 
both the transformers and the resist- 
ance. are. in turn connected in series 
with a capacitor, ..By making the im- 
pedance of the capacitor considerably 
more than that of the resistor, the cur- 


_rent through the circuit can be made lead- 
. ing by almost 90 degrees. 


If this holds, 


_ then the voltage drop across the resistor, 


and consequently T2P will be shifted 


90 degrees also. For three-phase opera- _ 


tion the voltage shift between 71 and 
T2 is conveniently obtained by using the 
Scott connection for converting three- 
phase power to two-phase (Figure 6). 


Saturating Circuit 


| 


; 


Tube 3, tube 4, and transformer 1 
form a controlled rectifier, the output of 
which is used to saturate the reactors 
R1, R2,and R3. The primary windings of 
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these reactors are in series with the 
primary windings of the power trans- 
formers T3, 74, and T5. The secondary 
windings of the reactors are connected 
so that the a-c voltages induced from their 
primary windings are subtractive, and 
the a-c potential from G to H equals zero. 
The division of voltage across the pri- 
mary windings of the reactors and trans- 
formers is a function of the reactance of 
the reactor, the secondary loading of the 
reactor, the reactance of the transformer, 
and. the secondary loading of the trans- 
former. The reactances of the elements 
are determined by their physical char- 
acteristics, namely, the number of pri- 
mary turns and lengths, area, and com- 
position of the magnetic path. The 
secondary ‘oading of the transformer con- 
sists cf the rectifier stacks and the recti- 
fied pewer load. The control of the en- 
tire unit is obtained from the secondary 
loading of the reactors, which is, of 
course, the d-c saturating current. Amaz- 
ingly large amounts of power may be 
controlled over wide voltage ranges by 


comparatively small amounts of saturat- - 


ing power. For example, 1,500 watts 
of rectified direct current is being handled 
in a small installation by 50 watts of 
saturating power. 

From the designer’s standpoint the 
most difficult problem is that of deter- 
mining reactor sizes to meet voltage speci- 
fications under no-load conditions. This is 
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Figure 6. Three-phase network to obtain 
voltages shifted 90 degrees with respect to 
reference voltage 


particularly true in cases where there are 
large fluctuations in line voltage or where 
wide-range: voltage control is desired. 
Using the simplest type of series circuit 
shown in Figure 3, the no-load output 
voltage may be controlled from one-half 
to full voltage when the reactance of the 
reactor is equal to the reactance of the 
power transformer. Economically, it is 
not practical to try to obtain more than 50 
per cent voltage control with the circuit 
shown. However, by proper circuiting it 
is possible to obtain zero to full voltage 
control without having to resort to the 
use of tap switches. 


Performance 
Although capable of extremely close 


control, the circuit as shown in Figure 3 
is quite simple and uses relatively few 
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Figure 7. Performance curve of 100-ampere 
24-volt electronically controlled selenium 
rectifier 


vacuum tubes. Tubes were chosen with 
large cathode areas and are operated well 
below their rated output resulting in ex- 
tremely long service life. Tube 5 is a 
rectifier tube supplying direct current 
for the amplifier tube 2. In controls for 
most industrial installations this tube 
would be replaced by a small selenium- 
oxide high-voltage bridge rectifier. 

Figure 7 is a graph showing the voltage 
regulation’ underload of a controlled 
selenium rectifier which is being used for 
aircraft ‘‘transceiver” testing. The speci-- 
fications call for a 100-ampere rectifier 
capable of having its output voltage 
varied smoothly from 20 volts to 30 volts ~ 
and having very fine no-load to full-load 
voltage regulation at a normal operating 
point of 24 volts. The curve given was 
obtained with a primary power supply 
that had a five per cent to ten per cent 
voltage drop at fullload. While a slightly 
drooping voltage characteristic is usually 
desired, the circuit may be changed so 
that the rectifier exhibits either a con- 
stantly rising voltage or else a voltage 
characteristic similar to that of a com- 
pound generator. One very satisfactory 
method of'obtaining an output voltage 
that is'a function of the output current 
is that of inserting a current transformer 
in the a-c primary power supply of the 
rectifier. “The output of the current 
transformer is then rectified, filtered, and 
fed with proper polarity into the control 
circuit between the Wien bridge filter 
output-and the comparison voltage. 
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Electric Circuits and the Magnetic 


Compass 


R. C. BURT 


FELLOW AIEE 


Synopsis: This paper will endeavor to show 
the deviations in the airplane magnetic 
compass caused by electromagnetic effects 


- from the ship’s wiring and will suggest some 


means that can be used to correct them. 


LOBAL warfare has extended the 

field of operations of aircraft beyond 
radio beams, landmarks, highways, and 
beacon lights, and, hence, has made the 
magnetic compass of paramount impor- 
Because of steel structures, armor 
plate, and single-wire electric circuits 
which carry increasingly larger currents, 
the magnetic disturbances at the con- 
ventional compass location have increased 


to such an extent that several remote indi- 


_ eating types of compasses have had to be 


_ developed. 


The marked trend in the use of remote 
indicating types of compasses has created 
a shortage in these instruments. One of 
the purposes of this paper is to point out 
some of the problems created in the de- 
sign of the air frame that can be solved 
by certain design techniques and the ap- 
plication of basic electromagnetic prin- 


_ ciples, thereby restoring the usefulness of 


direct-reading compasses and improving 
the accuracy of the remote indicating 


types. The scope of this paper will be 


limited to electromagnetic disturbances 


since the subject of ferromagnetism in- 


volving soft-iron effects, residual mag- 


- netism and its control in design and manu- 


facturing processes, and other allied 
problems is too far-reaching to be treated 
other than in a separate paper. It can 
be noted that highly satisfactory results 
have been attained at Lockheed-Vega in 
the control of the ferromagnetic proper- 
ties of air frames, both through design and 
demagnetizing processes during manu- 
facture. 

_ Aircraft electric systems conventionally 
utilize d-c generators, motors, and storage 
batteries. -Certain limited applications of 
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alternating current are found wherein 400- 
cycle inverters are utilized to supply small 
quantities of power for autosyn and simi- 
lar transmitters, as well as for certain 
radio applications. However, the d-c 
supply and field winding of these inverters 
often cause noticeable magnetic disturb- 
arices. 
measure, the air frame has been used as a 


“H=0.1 GAUSS 


See 
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Figure 1. Horizontal wire-placement pattern 
for H=0.1 gauss.) D=1degree 


ground return, leaving the electromag- 
netic field surrounding the single ‘hot 
wire”’ with little, if any, neutralizing field 
from a parallel ground-return conductor. 
Until the air frame is fitted with sources 
of alternating current to the exclusion of 
direct current, this problem must be faced 
by the electrical designer in his work on 
air frame electric systems and equip- 
ment. 

The magnetic field in which the com- 


- pass functions is extremely weak in com- 


parison with the electromagnetic fields 
involved in power applications. The di- 


rective force utilized by the compass is the — 


horizontal component of the earth’s field, 
and this varies greatly over the surface 
of the earth, being zero at the magnetic 
poles and increasing to a maximum of 
approximately 0.40 gauss at the mag- 
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- earth’s field along the North Atlantic 


Furthermore, as a weight-saving — 


- Since the directive force is confined to the 


netic equator. When it is pointed out, 
that the horizontal component of the 


ferry route varies between 0.15 and 0.10 
gauss, it becomes apparent that a rather 
weak field surrounding a single-wire con- 
ductor in an air frame can cause devia- 
tions of a serious nature. Even in mod- 
ern combat aircraft the remote indicating 
transmitter, located as favorably as pos- 
sible, is subject to serious errors from this 
source. Since space limitations in air 
craft dictate compass locations, and since 
the electric conductors must be located 
within the fuselage and wing surfaces, 
some serious problems arise that must 
be solved by ingenious electrical design. 

The accepted practice in treating mag- 
netic-compass problems is to resolve the 
magnetic field in question into two com- 
ponents: the horizontal component, which 
produces a directive force on the compass, 
and the vertical component, which has no 
directive force under normal conditions. 


CONDUCTOR 
NO.1 


CONDUCTOR 


Figure 2. An illustration of angular asym- 
metry in split-wire neutralization 


horizontal component of the magnetic 
field at the compass location, it will be 
affected only by the horizontal component j 
of the magnetic field produced by any 
electric circuit. Any electric circuit may 
be separated into finite sections, and, if 
well-known electromagnetic formulas are: 
used, the field at the compass location can — 
be calculated for each section. These.” 
fields combined vectorially will give the 
components of the electromagnetic field — 
caused by the electric circuit. Of course,. : 
it is the resultant horizontal component. — 
which directs the compass, and this will 
vary, not only with the intensity of the — 
earth’s field and the current flowing in . 
ELECTRICAL ENGINEERING. 
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each electric circuit, but also will change 
with each heading of the aircraft. 

This deviation cannot be corrected by 
means of the regular compass compen- 
sator, and to allow for it in navigation 
would require a book full of deviation 
cards; consequently, these effects must 
be reduced to a certain allowable maxi- 
mum. For example, in Southern Cali- 
fornia, where the horizontal component 
of the earth’s field is 0.26 gauss, a certain 
current causes a deviation equal to plus 
two degrees, whereas the same current 
causes plus four degrees deviation in more 
northerly magnetic latitudes, and if the 
current increases the deviation will in- 
crease still further. rh 

Present Air Force standards, as to devi- 
ation tolerances, are based on a horizontal 
component of the earth’s field of. 0.18 
gauss, and a vertical component of 0.54 
gauss, but, with aircraft operation in- 
creasing in northerly latitudes and trans- 
polar air transportation a near actuality, 
the electrical designer can well anticipate 
a narrowing of the tolerance limits for 
compass deviations. Table I sets forth 
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(c). No vertical component. Maximum D= 
29.5 (I/R) (sin ai—sin az) degrees 


Table |. Calculated Distances, R, of Compass From Long Straight Conductor to Give Compass 


Deviation, D, of One Degree. Earth's Horizontal Magnetic Field in Gauss =H 


Distance for Deflection of One Degree 


Current H=0.1 
Ampere Abampere Centimeters Inches 
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the calculated distances of a long straight 
horizontal conductor in a vertical plane 
above or below a compass location at 
which a deviation of one degree will be 
created by the currents designated for the 
three values of the earth’s horizontal 
components shown. 

_ The notable changes in these distances 
caused by weaker horizontal components 
of the earth’s field and increasing cur- 
rents are of serious importance. A use- 
ful family of curves, shown in Figure 1, 
can be plotted by drawing circles with 
their centers on a vertical line through the 
compass location, tangent to the compass 
location with diameters equal to these 
distances. If a long horizontal north- 
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south conductor is placed directly above 
or below the compass at a distance equalin 
inches to 45 times the current in amperes, 
then the deviation will be plus or minus 
one degree when the horizontal component 
of the earth’s field is 0.10 gauss. This 
conductor can be placed anywhere on the 
circle with the same horizontal component 
at the compass if the current and direc- 
tion remain the same. Where these 
curves approach the compass location, 
positioning of the conductor becomes 
quite critical to slight vertical displace- 
ments, and allowance should be made for 
possible changes in the position of either 
the compass or the conductor. 

Figure 1 suggests a neutralizing tech- 


Burt, Beck—Electric Circuits 


(a). Maximum de- 
viation when wire 


mum D=99.5 (I/R) 
(sin a,+ sin ae) de- 
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SHORT HORIZONTAL WIRE P< 
DIRECTLY ABOVE OR 
BELOW COMPASS , 


COMPASS 
(d). Maximum when wire is north and south. 
No vertical component. D=99.5 (I/R) 


(sin a,t+sin a2) degrees 
VERTICAL PLANE 
THROUGH COMPASS 


SHORT SECTION 


_ 
_--~ COMPASS 
i OF HORIZONTAL 
WIRE IN A PLANE 
"b" DEGREES 
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VERTICAL. 


(e). Maximum when wire is north and south. 
D=292.5 (I/R) (sin a,+sin a2) cos b degrees. 
Vertical field: V=(I/25R) (sin ai+sin a2)X 
sin b gauss 
Figure 3. Compass deviations caused by 
straight conductors. H=0.1 gauss 


nique where the removal of the conductor 
to a safe distance or the installation of a 
return ground wire is not desirable. The 
technique employs a division of the cir- 
cuit between two parallel conductors. 
Each one is placed on its circle, one above 
and one below the compass location. By 
extending the split circuit a distance of 
four times the diameter of the circle used, 
90 per cent of the disturbance will be 


‘neutralized. The use of this method will 


be confined to sections of the air frame 
which will give the necessary length and 
symmetry for properly aligning the con- 
ductors, such as in the fuselage, boom, 
or wing. Where space does not permit 
equal distances in each direction from the 
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compass location, the current can be split 
in proper portions by varying the wire 
cross section so that the conductors will 
fall on appropriate current circles. It 
should be noted further that, although 
the horizontal components of the two 
split conductors will be equal and op- 
posite, the vertical components will not 
be equal and opposite unless the conduc- 
tors are diametrically opposite. How- 
ever, the vertical components can be 
added vectorially, and should the result- 
ant exceed values to be discussed subse- 
quently, an effort should be made to 
achieve complete symmetry. 


Table Il. 


ponent that occurs when the aircraft 
changes attitude from horizontal flight 


_ position, either by “roll” or by changes 


in angle of attack due to loading or other 
causes. For instance, consider a circuit 
which produces only a vertical field of 
0.020 gauss at the compass location in 
flight attitude A. Now, let the flight 
attitude change to B, differing by five 
degrees from A. The former vertical 


field will now have a horizontal com- 


ponent equal to 0.00175 gauss which, over 
the North Atlantic, would produce a 
deviation of one degree. This vertical 
field of 0.020 gauss is produced at a hori- 


An Example of ‘Angular Tolerances for Split-Wire Neutralization 


Data: R=36 inches, H=0.100 gauss, /=10 amperes, D=1 degree 
$i* 8 

MAO STOES Fe). Sate airs Sst tees + stelee +24 degrees 25 minutes. ............0000008 —24 degrees 25 minutes 
MUP RPE COS. fra. eraivicie @ Genie, & caetats, +16 degrees 27 minutes.............0.020- —24 degrees 25 minutes 
20 degrees : 11 degrees 46 minutes.................00. —24 degrees 25 minutes 
30 degrees 9 degrees 3 minutes ..—18 degrees 40 minutes 
40 degrees 7 degrees 26 minutes cs ..— 9 degrees 16 minutes 
50 degrees 6 degrees 24 minutes. .... 2... ccc cee — 7 degrees 25 minutes 
60 degrees 5 degrees 46 mimutes. . 2... 025 .c00 oi oe ee — 6 degrees 14 minutes 
MOSASERGES, tars g:erarcisiarcica Om viaierare ats 5 degrees 22 minutes............2--2+-005 — 5 degrees 50 minutes 
SO derrecsitas. bitin. ssh tiaras sin b degrees Milminutess. 2... oc agen eso cect « — 5 degrees 30 minutes 
BRUUNACEECESE » oi, 0tesstel eleieieTane isis sens 5 degrees 8 minutes............-----005 — 5 degrees 22 minutes 


* $1 may be + or —, but, as ¢1 changes sign, 6 values must also change sign. 


When it is impossible to arrange the two 
wires of the split-wire system in perfectly 
symmetrical positions, it is possible to 
allow relatively large amounts of asym- 
metry as to angle and still have a result- 
ant field producing less than one-degree 
deviation of the compass. The angle of 
tolerance depends upon the distances, 
the current, and the position angle of 
the conductors, as shown in Figure 2. 
The tabulated values in Table II are ob- 
tained from the formula B,—B,=0.072 
(1/R) [cos 6—cos (¢+@)], where B; and 
B, are the horizontal fields at the com- 
pass of conductors 1 and 2. For ex- 
ample, Table II iliustrates a 20-ampere 
conductor which has been split at a dis- 
tance of 4R with each leg carrying ten 
amperes and R taken as 36 inches. 

After the horizontal component has 
' been considered, the vertical component 
should be examined. A current-carrying 
conductor can lie precisely in a horizontal 
plane passing through the compass, and 
no horizontal component will exist to 
cause deviation of the earth’s field. How- 
ever, a vertical component of consider- 
able intensity can exist, which, if exces- 
sive, can catise the compass card to dip 
into the vertical field. More important, 
however, is the resultant horizontal com- 
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See Figure 2. 


zontal distance in inches equal to four 
times the current in amperes. That is 
to say, if 40 inches from a horizontal wire 


carries ten amperes, the field is 0.020 - 


gauss. From the foregoing it would 
seem that a desirable compass-perform- 
ance standard would be to limit the per- 
missible deviation to one degree where the 
horizontal component of the earth’s field 
is 0.10 gauss. 

. Figure 3 has been prepared to permit 
easy calculations where data are in inches, 
amperes, atid degrees instead of centi- 
meter-gram-second units. The formulas 
give the compass deviation D in degrees 
caused by straight conductors in various 
relationships to the compass location. 
All are based on a horizontal component 
of the earth’s field of 0.10 gauss, 

A complete compensation of any one 
circuit is possible by means of a compen- 
sating coil which carries the current equal 
or proportionate to the current in the dis- 
turbing circuit and is placed so that the 
magnetic field of this coil supplies a flux 


at the compass location which is exactly 


equal in magnitude and opposite in di- 
rection to the combined disturbance at 
that location of all the rest of the circuit. 

The disturbance which will be caused 
by any single-wire circuit can be approxi- 


Burt, Beck—Electric Circuits 


- component of the disturbing electromag- 


mated from electromagnetic formulas by 
taking the circuit in sections, but it is far 
more satisfactory to measure the dis 
turbance with a magnetometer in a 
finished airplane. The principle reason 
for the unsatisfactory solution arrived 
at by the mathematical treatment alone 
is that the return circuit through the air 
frame is not uniform, but is distorted by 
joints in the skin, extrusions attached 
to the frame, openings, and even mag: 
netic fields. However, a direct measure- 
ment is relatively easy to make by use of 
a good magnetometer. The airplane is 
placed in flight attitude on a north mag- 
netic heading, and the magnetometer 
pickup element is placed in the compass 
location so oriented that it will measure 
a horizontal component of the earth’s 
field along the axis of the ship. The cir 
cuit in question is then switched on and 
off, and the magnetometer readings are 
taken for both field strengths. The dif 

ference gives the magnitude of this axial 


netic field. The magnetometer pickup 
element is next oriented horizontally 
crosswise of the ship, and the same pro 
cedure is repeated. The third observa— 
tion is made with the axis of the magne- 
tometer vertical, and from these three 
components it is quite easy to determine 
the direction and magnitude of the dis- 
turbing flux. A small series coil may then 
be arranged in the neighborhood of the” 
compass so that the field produced by this 
coil will, at the compass location, be equal 
and opposite to that produced by the eir- 
cuit causing the disturbance. The coi 
then should be installed, and the result 
should be checked on all three axes with 
the magnetometer. 

From the foregoing it is evident thatl 
the electric circuits necessary to the opera- 
tion of the airplane are the cause of many 
compass errors. It is further seen that 
these errors can be anticipated by calcu- 
lation from the geometry of the ship’s” 
witing, and that the wiring can be rear- 
ranged so that the errors will be reduced 
to a negligible quantity, or, where it is not 
possible to move the wiring, it may be 
possible to find a solution by using double 
conductors, or coaxial conductors, or even 
by dividing the circuit into symmetrical 
paths. It is further shown that it is pos- 
sible to compensate for the disturbance 
caused by any given electric circuit by the 
use of a series compensating coil, pre-_ 
calculated and properly oriented, to cancel 
out all components of the disturbing flux 


at the compass location. } 
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Asymmetrical Loading of ThreeePhase 
Three- Winding Transformer Banks 


P. K. DENISSOV 


NONMEMBER AIEE 


Synopsis: It is accepted USSR practice to 
carry three-phase industrial load and single- 
phase traction load on a single three-phase 
three-winding transformer. For a given 
combination of loads it is necessary to deter- 
mine the proper capacity relationships of 
the three windings. 

This paper presents an analysis of the 
problem by the methods of symmetrical 
components. The data obtained from this 
analysis were used in setting up the stand- 
ards for selection of transformer size for 
combined three-phase industrial and single- 
phase traction loading. 


HE problem of unbalanced loading of 

three-phase transformer banks is of 
practical importance both in industrial 
installations where single-phase equip- 
ment, such as welders, is supplied and in 
railway installations where single-phase 
traction loads are fed from industrial 
three-phase banks. The present investi- 
gation deals only with the case of single- 
phase traction loading. 

Since combination of symmetrical three- 
phase industrial load, and single-phase 
traction loading on three-phase trans- 
former banks is no different from other 
types of asymmetrical loading, the solu- 
tion to the one problem may be applied 
to, all cases of asymmetrical loading 
practice. 

The condition studied is that of the 
three-phase bank of three-winding single- 
phase transformers loaded asymmetri- 
cally. The transformer winding connec- 
tions would be as follows: 
1. The primary winding would be wye- 
connected with the neutral grounded. 

2. The secondary winding would be delta- 
connected for symmetrical three-phase load- 
ing. 

8. The tertiary winding would be wye- 
connected with the neutral ungrounded for 
asymmetrical loading. 


The most frequent type of loading for 
traction circuits is the two-phase asym- 
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metrical loading such as is shown in 
Figure 1. 

In the solution of the problem of the 
capacity relationships of the separate 
windings, it is necessary to determine 
current distribution in the windings and 
effective voltage. The effect of magnetiz- 
ing current is neglected. . ; 

The solution is for the equivalent star 
circuit as shown in Figure 2. The effec- 
tive impedances of the separate branches 
of the circuit corresponding to the im- 
pedances of the transformer phase wind- 
ings are 


get ea Za (1) 
2 

gr fet ia es (2) 

gi 2a enn en (3) 


where Z’, Z’’, and Z’’’ represent the ef- 
fective impedances of the branches of the 
equivalent circuit as shown in Figure 2, 
and Zy2, Zi3, and 23, represent the leakage 
impedances between windings as ob- 
tained from short-circuit tests. 

The current distribution may be deter- 
mined by the application of symmetrical 
components. In so doing, it is necessary 
to consider the internal impedances of 


-the system. Refer again to the circuit of 


Figure 1, and if the neutral remains un- 
grounded, the asymmetrical loading has 
no zero-sequence current components, 
that is, Ip>=0. 

The current and voltage relationships 
for the circuit may be represented by the 
positive- and negative-sequence compo- 
nents 


i,=i,44, (4) 


b 


Figure 1. Method of connection of asym- 
metrical traction load to the star-connected 
secondary of a three-winding transformer 
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I, =a%i,+al, (5) 
{,=al,+a"h, (6) 
and 

Va="UitVe (7) 
Vp =0?Vi+aV2 (8) 
V.=aVita'Vs (9) 


where VY, and V2 are the positive- and 
negative-sequence components of the 
voltage drop across the impedance of the 
external asymmetrical loads. Consider- 
ing equations 4 through 9, equations for 
the circuits based on Kirchhoff’s second 
law may be written as 


de =f+h, = LE Seat aaa 010 Ee) eat as C1 be) + 
Zab 
Vi(l—a) + V2(1 —a?) (10) 
Zac 
a ae Vi (a? —1) + V2(a—1) (11) 
Zab 
Ienah,tath= HOSED (12) 
ac 


These equations, including the unknowns, 
i, hh, Vi, and Yo, are not sufficient to 
complete the solution of the problem. To ~ 
obtain the necessary additional condi- 
tions, it is necessary to determine the 
internal impedance components Zo, Z1, 
and Z» of the transformer windings. 

Since it has been assumed that the 
applied primary potential is symmetrical, 
its zero- and negative-sequence compo- 
nents will be equal to zero. It follows that 
the effective electromotive force in the 


system of zero sequence and negative — 


sequence will be zero, also, while in the 
positive-sequence system the electro- 
motive force will be Vz. These relation- 
ships may be expressed as 


O=hZot+Vo (13) 
| Ve=hZtn (14) 
0=12Z.+Vs2 (15) 


to show the relationship of the effective 
electromotive forces of any system and the 
voltage drops in the internal and external 
impedances of the system. 

Solution of the equations 10 to 15, in- 
clusive, is in the form of 


pa Volant Zac BZ) 
ae ACME NEARS A eee See Chars 
(16) 
and 
<= Vol Zana +s) 
(17) 
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where 


, =positive-sequence current 

if =negative-sequence current 

Z;,=positive-sequence impedance of 
whole equivalent circuit 

_ Z,=negative-sequence impedance of the 
whole equivalent circuit 

Zap and Z,,=impedance of the asymmetrical 
loads with reference to the primary wind- 
ing as obtained from 


the 


= V3 
Zap = =— (cos 0+7 sin 4) (18) 
Pap , 


where 


V=primary interphase voltage in kilo- 
volts 
Pap =capacity of the corresponding branch 
of the circuit, in megavolt-amperes 
cos 8=power factor of the asymmetrical 
load 


Table I. 


Figure 2. Equivalent star circuit of a three- 
winding transformer 


By use of the principle of superposition, 
electromotive forces are assumed to be 
applied at this point, feeding the system 
by the positive- and negative-sequence 
currents. The effective negative-sequence 
voltage at the primary-winding terminals 
may be considered to be zero. 

To establish the true current distri- 
bution in the transformer windings, it is 
necessary first to establish the distribu- 
tion of currents of the positive /,, and the 


Load Distribution and Capacity Relationshin for the Most-Loaded Phase of a. Three- 


readies) Transformer With h met ce poasins 


Winding Loads of the Transformer for the 
Most-Loaded Phase ‘‘a” 


Winding Capacity 


Asym- Ratio 
metrical of Asym- Tertiary (Single- Secondary Relationship According 
Load Sym- metrical Phase Traction) (Three- to Standard OCT 2,524 
Megavolt- metrical Load to Phase Estimated (Per Cent) 
Case Amperes Load Total Per Regional) Primary 
Num- Megavolt- Load Megavolt- Cent of Megavolt- Megavolt- Ter- Sec- Pri- 
ber Pz» Pac Amperes Per Cent Amperes Primary Amperes Amperes tiary ondary mary 
153.9. 9108.6 fae AS ete A NON Fi era OO east: UBB ess. se.s TORSO sere 100 675... 1100 
25..959 18.6 OS eh ieisieut GZ eis, sucicie LOM Teak s.. S2ivecicn SAO Ee en 1320085 ence 67 67, .. .100 
3...9.9..8.6 U5 O% stare Doheny WOR reste ts i Dersiens 3s SKOOL Frees 145850. 0%.05 67 67....100 
4...9.9..8.6 22:50). santana AGB rales 1Ostiertes GETS ener TOD nae LG BH ses OF orth e 1 100 
5...8.8..4.6 SaURS Sets Oe crreiere TAB ialne Deere creas LOGS anes Sr ADO Hester G7: m0 te. LOO 
CI Je see) Pore Utes BOP ete: TAS cee WOR ie 212 ABT vsiatares TD 202 sre ete 67 67....100 


The internal, or applied negative-se- 
quence impedance of the system includes 
also the impedance of the symmetrical 
load taken for the corresponding branch 
of the circuit 

V2 
Zp=— (cos B+ sin 6): (19) 
oF D 
where cos 6 is the power factor of the ayer 
metrical load. 


Since the positive- and negative- 


sequence impedances of the transformer: ~ 


are equal, Z, and Z, the impedances of 
the whole equivalent circuit will differ 
only by the difference between the positive 
and negative sequence impedances of the 
symmetrical load in the secondary delta 
winding. 

To bring the total impedance in the 
positive- and negative-sequence system up 
to the point at which the asymmetrical 
load is to be applied, it is necessary to 
include the impedance of the parallel 
paths, both primary and secondary. This 
is expressed by 


BZgt2%) 


Z'+Zy+Z" iH 


Zy= +Z'"" ; 
referred to in Figure 3. 
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negative /, sequences among the paths of 
the corresponding system. Such distri- 
bution is, of course, inversely propor- 
tional to the impedances of the parallel 
paths, Such current in each path must 
be added to the normal symmetrical cur- 
rent, Ip, of that path. 

Then the current of the most-loaded 
phase of the primary winding will be 


Iq’ =1,+h+h. (21) 


In approximating the current compo- 
nents J, and J; of the asymmetrical load, 
only the normal no-load phase voltage, 
V4, at the terminals of the star-connected 
winding is considered. The corresponding 
phase voltage at the primary-winding 
terminals will be Vgti,Z’ where [,Z’ 
is the primary-winding voltage drop 
caused by the symmetrical load on the 
delta-connected secondary. 

After the application of the asymmetri- 
cal load, the tertiary-winding voltage will 
beless than Vy. It follows that conditions 


under which the currents J, and I, were 


first approximated will have been dis- 
turbed, In order that the terminal volt- 
age V4 be maintained constant with load, 
it is necessary to increase the primary- 
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where VW and V2 are positive- and nega- 


winding voltage to K(Vg+1,Z’) whet 
K is a correction factor greater than on 
based on the voltage drop caused by tt 
asymmetrical load. 

The voltage under asymmetrical-loa 
conditions at the terminal of the tertiar 
winding, point III of the equivalent sy; 
tem of Figure 3, may be obtained by 
plication of the methods of symme 
components to the equivalent syst 
The positive-sequence voltage-drop com 
ponent, starting from zero potential a 
point I in Figure 3, is (—i,’Z’—Z” 
where I’ is the component of the positi 
sequence current in the path Z’. Simi 
larly, the negative-sequence voltage drop 
at the same point is (—f,’Z’—1,Z’ 
where j,’ is the negative-sequence curr 
in the path 2’, — 

It follows that, in Figure 3 


N= iT I he Lz" 
and 
Ve = Oe MN ya 


Zz! zt 


Figure 3. Equivalent star circuit of a three: 
winding transformer showing balanced load o 
the delta-connected secondary 


tive-sequence voltages, respectively, 
point IIT. 
The actual phase vonaee” will be 


Va=VtV2 (24) 
Vp =02V,+0V2 (25) 
V.=aVitaV, (26 
and since | 

= —0.5—j 0.866 
and 


a=—0.5+ 0.866 


equations 25 and 26 may be rewritten as 


Vo = —0.5(Vi+Vi) +7 0.866(Vi— V2) (27) 
Ve= —0.5(Vit V2) —j0.866(%j— Va) (28) 
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From these equations the interphase volt- 
ages may be calculated to be 


Vas=Va-Vo=1.5(VitVa)+ 
j0.866(Vi-—V2) (29) 

Vea=Ve—Va=-1.5(VitVa+ 
j0.866(Vi-—V2) (30) 


Vee = Vp — Ve=j 1.732( Vi — V2) (31) 


In the foregoing discussion a factor K 
was presented to correct for the difference 
between load and no-load conditions of 
difference between terminal voltage at 
point ITI in Figure 3 and primary voltage 


Table II. Relationship of Phase Load to 


Phase-Winding Load © "1 


Asymmetric Load in 
Per Cent of Total Load 


Phase-Winding Load in 
Per Cent of Phase Load 


WE. 6 Ohi iRA CON RE ORICIER! SAAS 100 
fa ereratatecnitarst a, teieieisce Oth arate 91 
QiDraraterats sevacatsvels islets isiavers. sake 82 
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AD bog on kp Debian won 70 
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at point I. The value of K may now be 
obtained as the arithmetic mean value 
of the calculated voltage ratios for the 
two loaded phases... If 


el V3V 5 (32) 
Vap 

and 

xu V3 (33) 
Vac 
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then 

K= AUt+kK" (34) 
2 

and 

Va! =K(Vg+ly'Z’) (35) 


where Y;,’ is the primary voltage at point 
I in Figure 3. 


Conclusion 
The foregoing analysis of the loading 


of asymmetrical three-phase three-wind- 
ing transformer banks has been verified 


_by laboratory observations of current 


distribution and effective voltages under 
such conditions. A thorough practical 
investigation has confirmed fully the cor- 
rectness of the conclusions arrived at 
mathematically. 

It appears to be reasonable that equa- 
tions established in this manner may be 
used in estimating the required capacity 
of the most-loaded phase of three-phase 
three-winding transformers subjected to 
such loading. 

The results of calculations made for 
different combinations of symmetrical 
regional and asymmetrical traction loads 
are given in Table I. 

In expressing the A-phase capacity in 
kilovolt-amperes, the transformer’ pri- 
mary-winding power for this phase is 
represented by 


Py! =14'Vq' (36) 


The predetermined transformer loads are 
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represented in Table I. As a first ap- 
proximation, it is assumed that the phase 
load on the traction winding is the sum 
of the two path loads P,/+/3+P,,/V/3- 
which fall on this phase, as shown in 
Figure 1. Actually this approximation. 
will be higher than the measured wind- 
ing load. 

The symmetrical load of the delta- 
connected secondary is assumed to be 
the same in all three phases. 

The results of the foregoing analysis. 
disclose a characteristic feature of load 
distribution in three-phase three-winding 
transformers under the conditions of 
asymmetrical loading. As shown in 
Table I, the A-phase primary winding 
does not carry the sum of the secondary- 
and tertiary-winding loads of this phase 
as it would in the case of symmetrical — 
loading. A part of the load of the most- 
loaded A phase will be carried by the 
other less-loaded phases. 

The portion of the total phase load car-. 
ried by the phase winding varies with the 
relationship .between asymmetrical load — 
and total load. The relationship for the 
most-loaded phase is shown in Table II. 

According to Standard for Transformers. 
of the Union of Soviet Socialist Republics, 
OCT 2,524, the size of the single-phase — 
transformers of the three-phase bank will 
be determined by the relationships 
100:67:100 and 100:67:67 corresponding 
to winding voltages of 110 kv, 35 kv, and 
11 kv, respectively. These relationships. 
are used for practical application to this 
type of loading. 
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Electrification of Large Open-Pit 
Copper Mines 


L. W. 


BIRCH 


MEMBER AIEE 


Synopsis: The transportation problem of 
a large strip mine involves the loading, haul- 
ing, and dumping of both ore and waste. 
These materials are loaded with large elec- 
tric shovels operating on benches along the 
slope of a hill or pit. The ore is transported 
Over main-line tracks to the reduction plant, 
while the waste is hauled to suitable 
dumps. All main-line tracks are permanent 
and are equipped with permanent overhead 
distribution systems (Figure 1). All bench 
and dump tracks are portable and are 
equipped with portable overhead distri- 
bution systems. 

Sixty per cent of the world’s copper is now 
obtained by open-pit mining of low-grade 
ore. Electrification of haulageways for 

- open-pit mining is keeping pace with the 
expansion and is modernizing the transporta- 
tion of huge tonnages. Huge capacities 
necessitating heavy cars and heavy grades 
demanding short-period overloads have been 
responsible for the selection of the electric 
locomotive for motive power. From the 
standpoint of locomotive capacity, rail size, 
dump-car capacity, and density of traffic, 
most open-pit electrifications compare in 
size with our large steam-road installations 
and hold an important place in the field of 
heavy traction (Figure 2). 

In addition to describing the haulage 
problem of large open-pit copper mines, 
this paper discusses the design of permanent 
and portable distribution systems. 


PEN-pit mining, commonly called 

quarrying, is familiar to everybody 
- and can scarcely be termed a new process, 
since materials for the many historic 
structures of Egypt, Rome, and China 
were obtained by “‘pit quarrying.” How- 
ever, open-pit mining, as applied to 
modern large tonnage operations, is a 
highly developed and highly mechanized 
process for recovering minerals from 
large ore bodies and is dependent on 
heavy haulage facilities, usually elec- 
trified. 

Our domestic mine output of copper, 
estimated in excess of 1,000,000 tons for 
1942 and representing 15 per cent in- 
crease over 1940, has been possible, 
chiefly because of the development of 
open-pit mining methods. Because of 
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high costs, underground mining is greatly 
limited to high-grade ores and to com- 
paratively low tonnage. Deeper shafts 
and greater penetration increase the 
underground haulage costs, since access 
to the ore body must be made from the 
surface, and the shafts cannot be moved 
at will. Then, too, the depletion of 
easily available deposits of high-grade ore 
has influenced the expansion of open-pit 
mining. Therefore, either the mining of 
low-grade ores or the removal of large 
deposits involving considerable over- 
burden and waste rock is almost exclu- 
sively a stripping operation. Strip min- 
ing has not only given the operator an 
economical plant but has put an end to 
an important waste in his plant—the 
waste of natural resources. 

The Utah Copper Company is credited 
with originating the recovery of copper 
from low-grade ore on a large tonnage 
basis. Other companies, including Ne- 
vada Consolidated, Ray Consolidated, and 
Chino (Nevada Consolidated in New 
Mexico), furthered the development and 
commercialization of the process. South 
America and Africa are also large pro- 


ducers of copper from low-grade ores,. 


the Katanga project in the Belgian Congo 
representing the most recent undertaking. 
At the present time 60 per cent of the 
world’s copper is secured from mammoth 
strip operations in low-grade copper. 

It has been only a short time since the 
bulk of our domestic copper was mined 
in Montana and Michigan, both states 
operating immense underground work- 
ings. Today the open pit mines in Ari- 
zona, Nevada, New Mexico, and Utah 
are producing large quantities of copper 
from low-grade ores, and, as a conse- 
quence, Montana and Michigan are third 
and sixth, respectively, on the list of 
copper-producing states. Some de- 


Table I. Copper-Producing States 
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tailed data for 1941 may be found { 
Table I. oz 

It is interesting to note from Table I 
that Arizona and Utah produced 62 
cent of the domestic copper in | 
Statistics also show that these states pri 
duced 18 per cent of the world copper i 
1939, the last year for which accurat 
figures were available. Perhaps a de 
scription of one of the most recent op 
pit undertakings will acquaint you wi 
modern large-scale stripping operatio 
and also with the importance of a 
quate transportation facilities for h 
dling the thousands of tons of ore ¢ 
waste. This operation is the Mor 
mine of the Phelps Dodge Corporati 
in Arizona. . 


Typical Example of Open-Pit 
Mining . 


Early mining operations at Morene 
were underground. Evidence of t 
early mining can be seen in several loca 
tions in the new pit, where stripping ha 
broken through the old workings. Only 
the high-grade deposits attracted th 
first miner. Operations were restrict 
to the secondary enriched areas and t 
replacement deposits occurring in sedi 
mentary rocks. The copper content 
these ores was adequate to warrant th 
cost of mining, transporting, milli 
and smelting. Following the exhaustion 
of these ores, mining operations were 
transferred to the monzonite porphyry, 
where rich ore was again found in fissure 
also as disseminations in the porphyr 
Later, mining was extended to the lowe 
grade disseminated ores where operation 
by the block-caving method continues 
for many years. 

All of this early mining contributed 
to the development of the new Morenc 
pit. Commercial mining uncovered 
large deposits of low-grade porphyry o1 
Extensive exploration work with chur. 
drills, diamond drills, and conti: 
underground mining fixed the pit limi 
and determined tHe size and quality o 
the huge ore body. 

The low-grade ore of the Morenci pi 
consists chiefly ‘of chalcocite dissemi- 
nated in monzonite porphyry. Chalco- 
cite, a sulphide ore, occurs in many 
the western open-pit copper mines, suc 
as the Bingham mine of the Utah Coppe 
Company, the Phelps Dodge ie 
Ajo pit, and the open pits of the Nevad 
Consolidated Copper Corporation 
Santa Rita, N. Mex., and McGill, Ne- 
vada. Rarely does the copper content 
of these large open-pit mines average 
more than one per cent. At Morenci, 
the ore averages 1.06 per cent copper. 


ELECTRICAL ENGINEERING 


; 


Economy dictates the amount of waste 
hat can be removed in any stripping 
rea (Figure 3). The cost of loading, 
auling, and dumping must be main- 
ained within a definite figure. Too 
auch waste removal, long hauls, and 
istant waste dumps increase mining 
osts. For all stripping operations the 
mount of waste that can be removed 
conomically bears a definite relation- 
hip to the amount of ore recovered. 
‘or coal stripping, the miner’s rule of 
humb is one foot of overburden for one 
nch of coal. In low-grade high-tonnage 
opper-stripping operations the ratio is 
me ton of waste for one ton of ore. 
fherefore, the hauling of ore is one half 
f the problem, and the hauling of 
vastes is the other half. 

At Morenci the waste includes .an 
yverburden, or capping, which has a 
maximum thickness of 500 feet and an 
iverage thickness of 216 feet above the 
we body. Preliminary stripping re- 
juired the removal of 50,000,000 tons of 
naterial, mostly waste, in order to assure 
she initial removal of 25,000 tons of ore 
Jaily. All material not used for truck 
1ighways was hauled to dumps or to the 
‘ailroad right of way for fills. 
iminary digging in was accomplished 
with 18 large trucks capable of handling 
22'/, yards of material. Many miles of 
excellent roadway were constructed for 
truck haulage, since the loaded truck 
weight was 65 tons, and grades were as 
nigh as ten per cent. 

The removal of ore at Morenci is 
accomplished by the establishment of a 
series of benches, the number depending 
on production requirements (Figure 4). 
Since each bench represents a separate or 
independent mining operation, this bench 
method of open-pit mining is usually the 
most economical. The benches are equiva- 
lent to a stairway, each tread repre- 
senting the floor where the shovels oper- 
ate to load dump cars, each riser repre- 
senting the working face where the ore 
is broken away. The height of the bench 
is determined by the shovel equipment, 
imitations to drilling, and the nature of 
the material. In this case the height of 
each bench is 50 feet, and its width, being 
determined by the requirements for shovel 
operation and haulage facilities, is 100 
feet. 


The Haulage Problem 


Following the establishment of benches, 
the ore and waste rock are broken away 
from the face by blasting, the length of 
the blasted section often extending a dis- 
tance of 1,000 feet (Figure 5). For load- 
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ing purposes, secondary blasting is usually 
necessary for further fragmentation of 
the larger rocks. Additional blasting is 
also necessary for removing the toe where 
the face and floor intersect. Removal of 
the toe provides a vertical bank and re- 
duces overshooting and undershooting, 
thus permitting the burden carried by 
each drill hole to be estimated more 
accurately. The preparation of ore, 
therefore, becomes an important factor 
in the haulage problem. The track and 
overhead distribution system must be 
planned either for quick removal or for 
resisting a certain amount of flying rock 
fragments. 

The loading of ore and waste at Mor- 
enci is accomplished with a full-revolving 
electric shovel equipped with a 4!/,-yard 
dipper (Figure 6). A bulldozer aids in 
leveling the bench and scraping stray 
rock towards the reach of the shovel. It 
also serves to move the spillage from the 
area of the track. The ore is loaded in 
trains of ten 40-ton side dump cars, each 
equipped with axleless trucks and roller 
bearings, while the waste is loaded in 
trains of nine 30-ton cars of equivalent 
design (Figure 7). Sufficient cars or 


trains ate available at the shovels to . 


maintain a shovel efficiency of 87 per cent. 
Clearance, then, is another important 
factor in the planning of the open-pit 
mining operation. There must be suffii- 
cient clearance and overhead to permit 
unrestricted operation of the shovel, and 
there must be sufficient track clearance 
to permit the unrestricted movement of 
the bulldozer (Figures 8 and 9). 


Naturally, the tracks on the benches 
and waste dumps cannot be aligned and 
surfaced as well as main-line tracks. 
Settlement on the fills and uneven floor 
on the benches makes surfacing difficult. 
The constant moving of tracks on both 
the waste dumps and the benches pre- 
vents good track alignment. Asa result 
locomotives and rolling stock are de- 
signed to meet this problem, and the loco- 
motive, particularly, must successfully 
withstand short-time overloads when 
negotiating uneven track and severe 
grades. 

‘As explained in this description of the 
Morenci operations, open-pit mining 
consists of the removal of ore and waste 
from a series of shelves or benches, one 
above the other, and each operates as a 
separate mine. The operation may be 
either a pit operation or the tearing down 
of a mountain. Benches are employed 
in either case. The actual mining con- 
sists of blasting down ore, loading in 
suitable dump cars, and hauling ore to 
the mill or reduction plant. The haul- 


Birch—Electrification of Open-Pit Mines 


ageway includes permanent tracks and 
portable tracks. The permanent tracks 
are located between the mine and mill 
and also include the storage yards. The 
portable ‘tracks are located on the 
benches and on the waste dumps. Switch- 
backs that are necessary for ascending 
from one bench to the next are usually 
permanent tracks. The overhead trolley 
system must correspond to the track 
construction. It must be either perma- 
nent or portable. 


Progress of Electrification at Large 
Western Mines | 


The four large open-pit copper mines 
located in the West and Southwest, that 
are either wholly or partially electrified, 
are moving a daily tonnage of approxi- 
mately 300,000 tons of ore and waste. 
This material represents more than 6,000 ~ 
carloads and is handled with 100 electric 
locomotives over 200 miles of track. 


' The locomotives at the Utah Copper 


Company, and also the two Nevada Con- 
solidated Copper Corporation’s opera- 
tions at McGill, Nev., and Santa Rita, 
N.Mex., are 85-ton machines, whereas the 
16 locomotives at Morenci are 125-ton 
machines. All mines operate with an 
overhead trolley voltage of 750 volts 
direct current. The combined substa- 
tion capacity of the four electrifications 
for traction purposes is 15,000 kw, and 
the combined locomotive capacity is 
100,000 horsepower. 


Overhead Distribution System 


The overhead distribution system per- 
forms a very important part in the opera- 
tion of the open-pit mine, and is not 
merely “‘a place to park the pantograph.” 
The steam locomotive requires its coaling 
equipment, its water plant, and its cinder 
pits. The diesel-electric locomotive re- 
quires its fuel storage and its fuel dis- 
tribution system. The electric locomo- 
tive requires its substations and its over- 
head distribution system. Therefore, 
the electric distribution system becomes 
the auxiliary equipment for the electric 
locomotive. The distribution system is 
the fueling system. 

The specifications for the two types of 
overhead systems, permanent and port- 
able, are quite different. The perma- 
nent track is operated with the usual type 
of pantograph mounted on the roof of 
the cab, while the portable track is oper- 
ated with a side-arm collector. The 
trolley. wire is over the track center on 
permanent right of way and offset to the 


TRANSACTIONS 31 


. 


Figure 1. Over 6,000 cars of ore and waste are hauled daily by electric locomotive 
in the large open-pit copper mines of the United States 3 


Figure 2. The electrification of open-pit mines has become an important facte 
the field of heavy traction 7 


Figure 3. During preliminary stripping at Morenci, waste material was use 
roadways and railroad fills 


Figure 4. Each bench represents a separate or independent mining operation 


Figure 5. Ore is broken away from benches by blasting, the length of the 
blasted section often extending a distance of 1,000 feet 


Figure 6. Full-revolving electric shovels with 41/9-yard dippers loaded 
221 /5-yard dump trucks during preliminary digging in at Morenci 
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side of the track along the portable sec- 


tions. We will describe the portable 
overhead first. 


Portable Overhead System 


The portable overhead system is used 
at any location where it is necessary to 
move the track at frequent intervals. 
The tracks on the benches are moved 
towards the face as mining progresses, 
and the tracks along the waste dump are 
moved towards the shoulder of the dump 
as the dump is filled out. On the bench 
tracks, head clearance must be main- 
tained for loading, since the dipper of 
the shovel reaches over the center line of 
track. Crane equipment is frequently 
‘operated over both the bench tracks and 
the dump tracks; therefore, overhead 
clearance is necessary over these tracks. 
The usual offset of trolley wire from the 
center of track is from 10 to 16 feet. Of 
course, the offset on the benches is on the 
side opposite the shovel. 

Portable structures are usually steel, 
‘either constructed of fabricated shapes 
or pipe. 
dling, a wooden structure does not have 
sufficient life and is easily splintered. 
The pipe structure is the simplest and re- 
quires less maintenance. 

One of the simplest pipe structures is 
used on the Utah operations at Bingham. 
This structure consists of a five-inch pipe 
embedded in a concrete footing and 


supporting, at its top, a bracket arm, 


which in turn, supports the trolley wire. 
The concrete footing is elongated, as 
illustrated in Figure 10 and is equivalent 
to a sled or stoneboat in contour. It is 
equipped with a large eye bolt for pulling 
‘and can also be shoved into position with 
a bulldozer. — 
ture is easily transported from one bench 
to another and can be moved easily as 
mining progresses. A similar structure 
is used by the Canadian Johns‘Manville 
Company for the mining of asbestos at 
their open-pit operation at Asbestos, 
Que., Can. This structure, however, is 
fabricated of lighter pipe. The illustra- 
tion in Figure 11 shows how the footing 
is spread and mounted on stringers. 
‘This structure does not require a bracket 
‘arm for supporting the trolley’ wire; 
the gooseneck upper end of the main pipe 
‘performs this function. This type of 
structure has no flexibility from the stand- 
point of trolley-wire alignment. The 
‘entire structure must be moved along 
the ground to obtain this feature. Be- 
cause of its lightness it is easy to move, 
‘but the curved arm does not have ample 
‘teach for some types of collectors. 
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- collar. 


Owing to the constant han-- 


‘This type of portable struc- 


"wire. 


would tend to tip the poles. 


One of the most recent and useful types 


of portable supporting structures is used. 


at the new Katanga copper mine in the 
Belgian Congo. This structure, Figure 
12, employs a five-inch tubular pole, a 
base, a bracket arm, and a special pole 
The pole is supported in a cast- 
iron socket. The pole band has a large 
vertical hole or socket into which a pin 
on the bracket is inserted. A pad on 
the lower end of the knee brace lays 
against the pole for additional support. 
Since the center of rotation of the bracket 


arm about the pin does not coincide with © 


the center of rotation of the pad, very 
little swing can be obtained by the 
bracket arm. However, there is suffi- 
cient clearance between the pin and the 
socket in the pole band to permit some 
movement, thus providing relief in the 
bracket arm in case the trolley-wire 
tension becomes unequal on either side 
of the pole. 

To install the structure, the cast-iron 
socket is first placed in position. The 
socket may either be attached to a sled, 
in which case it is integral with the sled, 
or it may be spiked to extended cross ties. 
Next, the pole is inserted and keyed in 
the socket. This is usually a crane job 
with the locomotive crane pulling a flat 
car on which the structure material is 
loaded. The bracket arm is then lifted 
and its pin dropped into the socket in 
the pole band, the pole band having first 
been attached to the pole.at the proper 
height before the pole is set in the base. 
The trolley wire is then strung and ten- 
‘sioned. 


When the tables: structures are 
hauled to new locations, the assembly 
procedure is sometimes altered. An- 
other pole band is attached to the pole 
at a location about five feet above the 
ground. After the five-inch pipe has been 
dropped and keyed into the base, the pole 
bracket is then attached to this second 
pole’ band nearer the ground. At this 
height the lineman strings the trolley 
After the wire is in place the brack- 
ets are lifted, one at a time, and placed 
on the pole bands at the top of the poles 
and at the proper height. Of course, the 
trolley wire is slack when the bracket 
arms are lifted; otherwise, the wire 
After the 
bracket arms are in place at the top of 
the pole, the trolley wire is tensioned 
and clamped. 

A special type of trolley clamp is used 
for portable structures (Figure 13). This 
clamp provides not only the usual jaws 
for clamping the grooved trolley wire 
but also an opening above the jaws where 
the wire can be supported but not 
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clamped. When the overhead system is 


in operation, the trolley wire is clamped 


in the lower part of the jaws and cannot 


be pulled through the jaws, but, while the 


structures are being moved, the trolley 


\j 


wire is held loosely in the opening above 


the clamps. Thus, the trolley wire is 
free to slide longitudinally when the 
poles are moved to a new position. After 
the structures are in place the trolley 
wire is tensioned by pulling the free end. 


The wire is then dropped into the lower 


portion of the clamps, and the jaws are 
tightened on the wire. The reverse of 
this operation is necessary when it is 


time to move the poles to another loca- 


tion. The jaws of the trolley-wire clamp — 


are first loosened, and the trolley wire — 


is pushed up and into the upper recess. 


“The jaws are then tightened again in 


order to prevent the wire from ee 
out of the clamp. 


2 


1, 


f 


et 


% 


The trolley clamp i is usually fasitlated 


with a composition hanger with a malle- 
able-iron protecting shell which with- 
stands the flying rock fragments. 


_ The fabricated structure illustrated in 
Figure 15 supports both the 750-volt 


d-c trolley wire and the 5,500-volt a-c 
electric-shovel circuit at both Utah 
Copper and the Santa Rita operation of — 
the Nevada Consolidated Copper Corpo- 
ration. In some instances the d-c feeder — 
is also carried on the portable structures; 


i 


oth, 
4 


however, the method of feeding the bench 


tracks does not require longitudinal 
feeder. 

The installation of over 2, 000 portable 
structures at the Bingham mine of the © 
Utah Copper Company has demon- 
strated the usefulness of this type of © 
haulage. Some of the original locomo- 


‘tives at Bingham were equipped with — 


storage batteries to be used for the sup- — 


ply of energy in sections of waste dumps 
It was thought ~ 


and other locations. 


vie 
ri 


de 4 


bi 


4 j 


4 


49 
uri 


; 


that portable poles could not be used. 


Today all operations are supplied with 


an overhead trolley wire, batteries having 


disappeared from the scene. 
quate overhead clearance and properly 
designed structures there is no inter- 
ference with loading and unloading, and 
the portable system can be moved quickly 
and cheaply. With a force consisting of 
a crane, three pit crews for the track, 
and two electricians, Utah moves 3,000 


With ade- 


, 
at 
' 


. 


feet of track and portable overhead in — ‘ 


five hours. 
Permanent Overhead System 

Two types of overhead are used on 
permanent track. Both types must pro- 


vide clearances for pantograph operation. 
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Direct suspension, usually requiring sup- 
plementary feeder, is selected for slow 
speeds and full load currents below 1,000 
amperes. Catenary overhead is selected 
to reduce initial cost and the number of 
supporting structures and to provide a 
better means for the supplying and col- 
lection of high currents. The choice of 
the distribution system, therefore, is 
based on the limitations and specifica- 
tions of each electrification. As ex- 
amples, the recent Katanga installation, 
‘in the Belgian Congo with 66-ton loco- 
motives is constructed with direct sus- 
pension using a single 4/0 contact wire 
on permanent or main-line sections, 
whereas the Morenci mine of Phelps 
Dodge Corporation with 125-ton loco- 
motives is constructed with a compound 
catenary system consisting of a 350,000- 
centimeter hard-drawn copper main mes- 
senger cable, a 3/0 19-wire hard-drawn 
copper intermediate messenger, and 
4/0-grooved hard-drawn copper contact 
wire. As a general rule, yards are con- 
structed with light catenary in order to 
reduce the number of supporting struc- 
tures and provide greater visibility, as 
well as man clearance around cars. The 
Utah Copper Company and the Nevada 
Consolidated Copper Corporation have 
installed many miles of light catenary 
along permanent tracks including stor- 
age yards, crusher yards, and main haul- 


age out of the mines. The light cate-- 


naty consists of a 7/16 Siemens-Martin 
messenger cable supporting a 4/0-grooved 
contact wire with flexible hangers. 


Simplified Catenary Span 


With reference to the Morenci mine of 
Phelps Dodge Corporation, the type of 
haulage made possible the selection of a 
modified type of catenary which, here- 
tofore, has not been applied to mine 
electrification. Ease of construction and 
maintenance are the chief advantages of 
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750-volt locomotive 
operating at Morenci 


seosmesananangnenerns 


this type of catenary, but it is de 


also for good current collection and f 
characteristics. The catenary spa 
spaced 120 feet on tangent, and on ef 
it is spaced 80, 60, and 50 feet, depen 
on the degree of curvature. Most 
curves, however, use 80-foot spa 

With reference to Figure 16, it mg 
observed that three main-line har 


f 
Figure 8. Unrestricted ove! 
clearance must be provides 
the operation of the electric 
3 
‘ 


« 
‘ 


4 


Figure9. Side-arm collectior 
vides overhead clearance fo 
movement of locomotive ¢ 


Figure 10. Por 
structures consistin 
tubular poles supp 
on concrete stone 
are used on bene} 
Utah Copper Com 


Figure 11. Can 
Johns-Manville — 
pany, Ltd. portable 
structure © 


Figure 12. The port- 
able trolley structure 
designed for the Ka- 
tanga copper opera- 

tion in the Belgian 

Congo is assembled 

by dropping a five- 


inch tubular steel 
: pole into a base 
socket and then 


hooking the bracket 
_arm to the pole 


Figure 13. When a 
portable structure is 
to be moved, the 
grooved trolley wire 
_ is removed from the 
jaws of the clamp 
and inserted in an 


freely 


ire used on the 120-foot spans. The 
snd hangers are located 20 feet from each. 


0int of support, while the third hanger 
s located midway on the span. This 
main-messenger-hanger spacing divides 
he intermediate cable spans into 40- 
oot lengths. The trolley wire is sup- 
ported by three clips attached at equal 
ntervals to the intermediate cable. The 


enter clip is two inches in length, whereas 


she two end clips are three inches in 
ength. With this type of construction 
sood contact between fittings and cable 
s obtained for the flow of electric energy 
rom the messengers to the contact wire. 
As explained in the preceding descrip- 
‘ion, a minimum number of hangers is 
required. The 120-foot span requires 
mly two lengths of main-line hangers 
and two clips. The 80-, 60-, and 50-foot 
spans require additional lengths of main- 
ine hangers, but the same two-clip con- 
struction is used throughout the entire 
ine. With this type of catenary span 
the total number of main-messenger 
hangers will not exceed 9 for the spans 
indicated, whereas the total number of 

mgers for the conventional span might 
easily exceed 50 when the see length 
ae are considered. 
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upper groove where - 
the wire will slide | 


Kes 


Figure 14. Portable structures mounted on 


truck wheels are moved over short sections of 


rail on dump tracks of International Nickel 


* Company 


Figure 15. Fabricated structures support the 
750-volt d-c trolley wire and the a-c shovel 
circuit at Utah Copper Company 


Figure 16. This 
catenary span re- 
duces the number of 
main-catenary hang- 
ers to a minimum 
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Although tangent pole spacing on the 
Morenci electrification is only 120 feet, 
and the nominal pole spacing on light 


‘catenary at the mines of the Utah Copper 


Company and the two operations of the 
Nevada Consolidated Copper Corpora- 
tion is 150 feet, the spacing of catenary 


» spans is not limited to these dimensions, 


except by economy and physical limita- 

tions (Figure 17). These operations, 
from the standpoint of rolling stock, 

locomotives, and rail size (131 pounds at 

Morenci) are comparable to many large 

steam-road electrifications, and with 

sufficient main-line track would un- 

doubtedly be built with structures ‘spaced 

at 300-foot intervals. 


A Bit of History | 


The Utah Copper Company electrified 
the crusher yards at both the Magna and 
Arthur plants in 1925 (Figure 18). Two 
80-ton locomotives, formerly used by the 
Manufacturers’ Railroad of St. Louis, 
were installed in these yards. The total 
trackage was slightly over eight miles. 
During 1936 a large part of this crusher- 
yard electrification was torn down, and 
one of the mills was partially dismantled. 
During the following year, however, be- 


cause of improved market conditions, the _ 


mill was again placed in operation and 

this nine-year-old catenary system was 

rebuilt with scarcely any loss in line ma- 

terial. Naturally, the electrical de- 

partment was adept in taking down and 

rebuilding overhead systems, since this — 
is daily procedure for the open-pit mine 

electrification. The original hte is 

in operation today. 


Supporting Structures for 

Permanent Track 

Supporting poles are either wood or 
steel. At the Utah Copper Company 
mines, wood poles are used on perma- 
nent haulage, with the exception of the 
yards. Wood poles have been used’ ex- 
tensively at the Canadian Johns-Manville 
mines at Asbestos, Que. Long outside 
haulage tracks of the International 
Nickel Company, near Sudbury, Ont., 
are equipped with wood poles for sup- 
porting light catenary overhead. The 


120° 
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| Figure 17. Compound catenary on permanent 
ia ' track at Morenci — 


' use of wood depends entirely on the 
‘permanency of the electrification and the 


tanga mines in the Belgian Congo, wood 
‘s is prohibited because of the destruction 
caused by ants. On tangent, the wood 


« 


: 
ve 


Di 
, 


catenary which does not exceed 11/2 


'- pounds per foot can be used without 
oy 


guys, whereas longer spacings with 
heavier mechanical loads require guying. 

Some of the yards at Utah are built 
sirith fabricated steel structures support- 
_ ing cross spats or cross catenary, whereas 
thé large storage yard of the Nevada 
s; Consolidated at Santa Rita, N. Mex., is 


a: - built with wide-flange beams. The en- 
= tire McGill electrification of the Nevada 


Consolidated is also built with wide- 
_ flange beams (Figures 19 and 20). Tubu- 
lar steel poles, consisting of five-inch 
sas batdarrl pipe, are used for permanent 
__ track on the Belgian Congo installation. 
i CR res uaaag are embedded in concrete. 
_ Steel poles, whether fabricated structures 
p< or shapes, are mounted on footings with 
anchor bolts at Utah and Santa Rita 


pete Be 


Figure 18. Crusher-yard catenary at Utah Cop- 
per Company was removed from this area after 
H nine years of operation and later reinstalled 
* with practically no loss of equipment 
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cost of the poles; however, at the Ka- 


pole spaced 150 feet and supporting light - 


each end of the pit. 


Stale, FG icy ke Le 


eee ak 
> (Bigure Di). At McGill, all Boe poles 
are embedded, the footings having first 
been cast with a center well into which the 
pole is placed and subsequently grouted. 
The Utah fabricated poles are galvanized. 


Substations 

The most modern substation equip- 
ment is to be found at open-pit electri- 
fications. At Santa Rita, the d-c sub- 
station includes two 1,000-kw rectifiers 
and an automatic switchboard. Nor- 
mally, one rectifier operates on loads of 
1,500 amperes or less. When the load 
exceeds 1,500 amperes for a period of two 
minutes, the second rectifier cuts in and 


will remain on the line until the load 


drops below 1,500 amperes for a 50- 


minute period. The railway system is 


divided into four sections. Each section 
is fed separately and is protected with 
1,500-ampere breakers. At Morenci, 
four 1,000-kw rectifiers supply the trac- 
tion energy. The Katanga operation 
has two rectifier substations, one on 
Utah has three 
substations with a total capacity of 9,000 
kw. These substations are located at 


the various load centers throughout the 


mine. 

The ratios of satieeation capacity to 
connected load for some of the large 
strip operations are: 


..19 per cent 
Morenci. Srp teaw Vataie tee ore 22 per cent — 
Santa Rita........ 


seceedeces 2 per cent 


From these low ratios it can be seen 
that the various operations making up 
the haulage requirements are inter- 
mittent, and, although a locomotive is 
in service 24 hours each day, it may ac- 
tually operate only 20 per cent of the 
time. As an example, the loading opera- 
tion for a train may require 60 minutes, 


but the total time required by the loco-— 


motive for inching the cars in this 60- 
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is in Kein just five per ail c 
loading time. 


conversion canna 


D-C ae 


Figure 19. : on wid 
flange Bethe structures is used for pern nanet t 


minute interval | can be as low as.t 
minutes. 


Naturally, the haw 
the mine to the crusher increases the: 


clacitification; it may ie concl Aa 
a bench track that is served by or 
locomotive cannot pa: 


Figure 20. Yard catenary at 
_ Columns are bolted to otings 


wT a CA 7 
a 


>) + 


ure 21. At McGill, Nev., wide-flange 
olumns are embedded in concrete footings 
pi cast with center well 


oads of many other locomotives; there- 
ore, the ratio used in calculating d-c 
eeder is mitch higher than the over-all 
nine ratio. Since the locomotives on a 
yenich track or waste dump operate at 
rety slow speeds, usually about three 
niles per hour, the current collected with 
he pantograph is not apt to reach any- 
hing like full load current. In fact, 
he current is usually one-half to one- 
hird full load current. As a conse- 
juence, the ratio considered, when a 
eeder is designed for the mine, is usually 
33 per cent, or as high as 50 per cent, if 
t is possible to increase current by in- 
sreasing speeds. 
anderground coal operations for deter- 
mining d-c feeder for traction purposes 
varies from 33 per cent to 45 per cent. 

In general, comparatively little d-c 
feeder is necessary for the loads en- 


’ 


types. 
bond is used, and for permanent track a, 


The usual ratio for: 


countered. Very little longitudinal feeder 
is installed, since the many paralleling 
tracks on benches and yards provide the 
necessary copper. However, transverse 
feeding is quite common and is necessary 
to cross connect the trolley wires on a 
group of paralleling tracks. Section in- 
sulation is inserted at advantageous 
points where it is necessary, either to 
break the feeding or to protect the system 


_ against interruption of service because of 


some fault on one of the benches or on the 
waste dump. It has been the practice at 
the Utah Copper Company mine to feed 
a group of six locomotives on three 
benches from two sources of power. With 
this arrangement an interruption is 
localized and does not affect the entire 


operation. Yards, as a rule, are fed as 
one unit—insulation is not placed be- * 


tween tracks for segregation. 


Bonds - 


Track bonds fall under two general 
For portable track a removable 


permanently attached bond is used. 
The removable bond is either the wedge 
type, which is a low-resistance copper- 
terminal bond that extends around the 


splice bar and is attached: ‘by driving a 


wedge into the web of the rail, or a tem- 
porary bond which also surrounds “the 


Figure 22 (left). 
” Gas-weld 4/0 bonds 
are applied to tracks 
at Santa Rita 


Figure 23 (right). 
Construction and 
maintenance car at 
Morenci 


-and for maintenance. 


Organization 


splice bar and attaches to the base of the 


rail with large set screws. 
The permanent track is bonded with 
short welded bonds, usually electric- 


welded, since the d-c circuit may be 


utilized both for the initial installation 
A 4/0 bond is 
sufficient for rails in the 90-100-pound 
class, while the heavy main-line rail, 
usually 131 pounds, is, connected with 
two 4/0 bonds. Cross bonds are placed 
at 500- to 1,000-foot intervals, depending — 
on the type of track. Closer spacing is 
used on the temporary tracks (Figure 22). 


i 

_ The operators of large open-pit elec- 
trifications are to be commended on their 
ability to construct low-cost jobs. Funda- 


mentally, the mine operator is nota man 
to split hairs with respect to the cost of — 


equipment. 
necessity for low-cost haulage will prompt 
him to install adequate and reliable equip- 
ment and equipment that has been 


proved. As a consequence, one of the — 
usual high items of expense is missing— : 


engineering cost. The average engineer-- 


ing force for a large mine electrification 
rarely exceeds three, and these men are — 
the regular electrical force of the mine. — 
Outside consultation is secured from the ‘3 
manufacturer of equipment and from 


Enormous tonnage and the — 


v) ham, 


~ 
other mine operators. The mine Nae ye 
tor does not insist on numerous gadgets 


and changes in design, but insists on de-_ 


pendable equipment as well as simple 
equipment. The job of moving thou- 


sands of tons of material daily is depend- ~ 


ent on a minimum of breakdowns and, 
since mining has become a production- 
line process, transportation must func- 
tion satisfactorily. Simplicity, a syno- 
nym for low cost, is the first rule of 
mining. 
The nucleus of the construction forces 
is gathered from the mine. The foremen 
are usually acquainted with the designs 
and procedure before actual building 
starts. Therefore, the builders take an 


active interest in the equipment and in 


the construction and become trained 
maintenance men before actual operation 


is initiated. This procedure ultimately — 


reduces maintenance costs and, to a 
great extent, the necessity for servicing 
(Figure 23). , 


Costs 


When it is realized, that at one large 
strip mine the cost of water for steam 
locomotives paid the power bill after 
electrification, few additional data are 
necessary to convince the mine operator 
that electrification is economical. At 
» McGill,, Nev., the cost of haulage was 
reduced, by the substitution of electric 
energy for steam, from 10 cents to 3.4 
cents per ton. At Morenci the cost of 
electric haulage is only two cents per 
ton, or slightly less than one cent per 
ton-mile, a figure that compares with 
' the average cost per ton- mile on class 1 
railroads. 


peauediagee of Electrification 


A Roce basis of the advantages of 


open-pit electrification is found at Bing- 
Here the number of loaded cars 
in an ore train has increased 25 per cent, 
and speed has increased 25 per cent. 
Therefore, fewer locomotives are neces- 
_ sary per shovel. 

In general, with electric operation, 
there is less track wear due to the articu- 
lated locomotive, and there are fewer car 
derailments. With electrification there 


is no burning of wood crossties, an ex- 
pense which was once tremendous in 
large mines. The electric locomotive. 


does not require the transportation, of 
fuel and water, an operation which 
added a large amount to the cost of haul- 
age. Enginemen have greater vision 
while operating in and out of the pits, 
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the two windings is nearly zero: 
‘ means that the ampere turns produced 


Ae Instrument for the Measurement 
Large Alternating Currents: 


WALTHER RICHTER 


FELLOW AIEE 


Synopsis: An arrangement of the measure- 


ment and oscillographic recording of large 


alternating currents, consisting of a special 
air-core transformer and an amplifier, is 
described. The air-core transformer is 
wound on a flexible core of small cross sec- 


tion, permitting its easy linkage with the 


current to be measured without disturbing 
the circuit. The underlying theory of the 
air-core transformer is discussed, and the 
modifications necessary to make it suitable 
for measurement purposes are described. 


HE measurement of large alternating 
currents, as required on the low-volt- 
age side of resistance and flash welding 
transformers for instance, is an important 
problem, and many suggestions for satis- 
factory solutions have been made.! 
_ The ordinary current transformer, such 
as used in almost all a-c measuring cir- 
cuits, operates on the principle that in 


any iron-core transformer working with — 


a low magnetic flux density in the iron 
core the total excitation resulting from 
This 


by the meter winding equal the ampere 
turns or the amperes, in the case of a 
single conductor, of the current to be 
measured. Since the current density in 
the meter winding cannot, as a rule, be 


-made higher than the current density in 


the primary conductor, which, it can be 
assumed, has been chosen as high as per- 


Paper 44-4, recommended by the AIEE committee 
on instruments and measurements for presentation 
at the AIEE national technical meeting, New York, 
N. Y., January 24-28, 1944. Manuscript sub- 
mitted August 23, 1943; made available for print- 
ing October 29, 1943. 


WALTHER RICHTER, now electrical engineer in the 


engineering development department of  Allis- 
Chalmers Manufacturing Company, Milwaukee, 
Wis., 
the time this paper was written. 

The author expresses thanks for the suggestions of 
W. E, Crawford, E. J. Limpel, and A. Paalu of the 
A. O. Smith Corporation, the laboratory in which 
the device described in this paper was developed. 


and the elimination of smoke helps pit 
operation, since good visibility is a big 
factor in the operation of a mine. 

In conclusion, the electric locomotive 
is reliable. 
Utah Copper Company there are 65 
locomotives, and there is rarely a time 
when more than two are in the shop. 
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equal the cross section of the prim 


spread between the leads, or the “1 


of the welding circuit be used as a: 


leads to avoid inductive pickup. — 


was an independent consulting engineer at 


At the Bingham mine of the 


ace with regard to the heating of 
primary conductor, the copper cross 
tion of the meter winding must at I 


conductor; the total space taken b 
meter winding will be increased furthi 
by the insulation of this winding. 1 
addition to this, the two windings mu: 
be made to link with a closed iron 
In low-voltage welding circuits eve 
fort has been made usually to reduc 


to a minimum, and the insertion of ¢ 
rent transformer, which, for the re: 
previously mentioned, necessarily will 
bulky, is usually out of the question. f 


Suggestions have been made that 


for a meter. This scheme runs into 
ficulty from skin effects, especially 
distorted wave shapes such as those ‘ 
occur in flash-welding. currents, and 
quires very careful placement of 


calibration also” presents some proble 
Fi Air- core. transformers have been 
for the measurement of large al 
currents,? and this paper deals w 
special arrangement of this type of ’ 
former. Any air-core transform 
unsuitable for the measurement of 
rents without certain modifications, 
will be evident — the oe 


It consumes state one nas of pe 
that is the best grade. The e 
locomotive has proved a successful 
in the operation of large open- 
munes. : 


‘igure 1. 


Circuit for electrical integration of 
an alternating voltage 


simary conductor and the pickup coil, 

t is evident that the instantaneous values 
of this voltage are not proportional to the 
nstantaneous values of the current, but 
father to the instantaneous values of 
the rate of change of current. When a 
sinusoidal current of known frequency is 
dealt with, the voltage induced in the 
pickup coil will, of course, again be a 
sine wave, 90 degrees displaced against 
the current wave. In this case, the rms 
value of this voltage may be used safely 
as an indication of the current, as long as 
no phase relations are deduced from it. 
But let us assume now that the frequency 
of the current doubles, while its amplitude 
and rms, value remain constant. Since 
di/dt doubles, the voltage in the pickup 
coil will also double. From this it is at 
once apparent that the air-core trans- 
former fails to indicate the current by the 
induced voltage if the current has a dis- 
torted wave shape, that is, has harmonics. 
This is especially true in flash welding, 
but even in plain resistance welding the 
current may change in wave shape if 
electronic tubes are used to control the 
firing point in the cycle. 

A second difficulty lies in the fact that 
the placement of-the pickup. coil deter- 
mines the value of M and with it the mag- 
nitude of the induced voltage. This dif- 
ficulty has been overcome to a large de- 
gree, however, by most of the workers in 
this field, by properly shaping and placing 
the pickup coil, and their method of ap- 
proach has been utilized also in the pres- 
ent arrangement. 

After the two essential problems of the 
ait-core transformer have been stated 
thus, the methods of solving them will be 
discussed. 

The voltage ¢,=M xdi/dt, . induced 
in the pickup coil, is a result of a differ- 
entiation of current, as the formula indi- 
sates. If the reversed operation, that is, 


an integration, is performed on it, the . 


resulting wave will be a replica of the 
riginal current wave. This integration 
can be carried out electrically by the 
imple circuit shown in Figure 1. Let the 


periodic voltage e, be applied tothe 


series combination of R and C, and let 
the value of C be such, that its reactance 
$ small compared with the value of R, 
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Figure 2. Uinkaye of toroid with current to be 
_ measured 


even at the fundamental frequency of 
es Under. this condition the current 
through R and C will be determined es- 
sentially by the value of R only; that 
is, we can write without serious error 


pee shinee spacers! 


RAG dt 
The voltage across the poe will be 
Q Siar M 
ed 
ey (garage XS a *RX C 


Figure 3. Amplifier and integrating circuit. 


V1—6F5 tube RQ. — 10,000-chm 
V2—6N7 tube resistor 
V3—2A3 tube R3 —250,000-ohm 
V4—80 tube resistor 
- C1—0.5-microfarad R4 — 5,000-ohm 
_ capacitor resistor 
C2—94-microfarad § R6 — 50,000-ohm 
capacitor | resistor 
C3—1-microfarad R7 — 20,000-ohm 
capacitor resistor 
C4—100-microfarad R8 — 10,000-ohm 
capacitor resistor 
C5—16-microfarad , R9 — 10,000-ohm 
capacitor potential divider 
C6—50-microfarad R10— 375-ohm 
capacitor - resistor 
R1 —150,000-ohm 
resistor 
?} v2 
RI 
fo) 
z 
2 
Cl 
R 


o 
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‘axis lying in its plane. 


¢ OUTPUT L2 ul 
c3 | | | | 


It must, of course, be realized that for 
this relation to be strictly true, the capaci- 
tor would have to be infinitely large, so 


* that all the voltage e, appears across R. 


However, the larger C, the smaller the 


~ output voltage eo, and the higher the am- 


plification will have to be, before use 
can be made of this voltage. In the pres- 
ent instrument R=100,000 ohms, C= 
0.5 microfarad, which makes the react- 
ance of the capacitor at 60 cycles per 
second roughly five per cent of the value 
of the resistance; this seemed to be a fair 
compromise between accuracy and am- 
plifier requirements. — 

To make the voltage induced in the 
pickup coil as nearly independent as pos- 
sible of the position of the coil, it must 
have the proper shape and must be placed 
according to certain fundamentals. The 
basic law of electromagnetism states that 
the line integral of the tangential com- 
ponent of the magnetic-field intensity 
around any closed path equals 0.4 m7 
times the exciting ampere turns linking 
with the path, that is 


pf H,dl=0.43ri | (3) 


where H; is the component tangential to 
the path around which the integration is 
to be performed. 

Suppose we surround the current with © 
a toroidal* coil, wound on a flexible core, _ 
a length of heavy-walled rubber tubing, 
for instance. The winding is distributed 
uniformly over the whole length. Let 
n' be the number of turns per centimeter, 
so that the total number of turns NV is 
equal to ’X1, where 1 is the length of 


*The terms toroid and toroidal are used here and 
in the following for the sake of brevity, although 
the coil described here does not have to be a true 
toroid. A toroid is defined as the surface generated 
by the rotation of a plane closed curve around an 
In this paper we mean a 
coil wound on a surface generated by moving a 
plane closed curve along a closed path in such a 


manner that its plane is always perpendicular tothe 


direction of the motion, which is a cumbersome way 
of saying: Take a heavy-walled rubber tube, make 
a “doughnut” out of it, and place a uniformly dis- 
tributed winding on it; then deform the ‘“‘dough- 
nut” any way you like (as long as van do not 
squeeze its cross section). 


cs 
v3 


See | 
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‘nent tangential to the axis. 


the tubing. The cross section of the core, 5 


that is, of the tubing, is held small 
enough so that the average magnetic 
density over the whole cross section can be 
considered, without serious error, equal 
to the magnetic density existing along the 
axis of the toroid at any given point P. 
Since the plane of each individual turn is 


_ essentially at right angles to the axis, a 
voltage caused by a changing magnetic 


field will be induced only by the compo- 
If A is the 
area of one coil turn, which in most prac- 
tical cases will be very nearly equal to the 


cross section of the flexible core, in square 


centimeters, the voltage induced over the 


length di of the coil will be 


de,=AXn' ary =x10-8 Soles. (4) 


and the Diese proaniecd He the whole 


- coil, forming a closed path, will be 


eA Xn'X f pee dlx10-* volts (5) 


ies Differentiating equation 3 with respect 


to time ; Fesuilts'i in 


GE aoe Wee tad © 
eer ide en dte . 
and substitute this into equation 5 gives 


‘ eX 0.49 For volts (7) 


which i is Baa alee, of the cee and 


_ length of the loop. ' 
To obtain an idea of the order of mag- 


nitude of the voltages that can be ex- 


_ pected, suppose we wind number 30 wire 


on a rubber tubing of one square centi- 
meter cross section (about 9/5 inch’ di- 
ameter). Number 30 enamel will give 
about 90 turns per inch, or 35 turns per 


centimeter, if we use a single-layer wind- 


ing. Suppose that a sinusoidal current of 
1,000 (rms) amperes with a frequency of 
60 cycles per second is made to pass 
through a toroid made of this tubing. 
Considering the fact that the maximum 
rate of change of a sinusoidally varying 
quantity equals 2xf times the amplitude, 
the rms value of the induced voltage will 
be. 


és =1X35X0.4X 1,000 X2760 X10 ® 


=0.166 volt (7a) 


The production of one volt will, therefore, 
require about 6,000 amperes at 60 EF: 
per second. 

However, the voltage calculated ac- 
cording to equation 7 under the assump- 


tion of a sinusoidal current, as in equa- © 


tion 7a, is not the one to be measured, 
as explained earlier; the integrating cir- 
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Figure 4. ; Artangement of return lead to 
eliminate effect of magnetic fields not due to 
current to be measured 

x 


cuit not only reduces tne actual voltage 
available for measuring to about five 
per cent of the voltage induced in the 
toroid, but also makes it appear across a 
circuit element having a high impedance 
compared with the impedance of the 
usual low-range rms voltmeter. It is, 
therefore, quite obvious that an amplifier 


‘will be needed to accomplish the meas- 


urement. It is of importance that this 
amplifier have as flat a response as pos- 
sible, if the output of it is to be used for 
the operation of an oscillograph, although 
there is nothing gained by extending the 
frequency range beyond that of the os- 
cillograph. For a string oscillograph a 
flat response of the amplifier from 60 to 
3,000 cycles will, therefore, be entirely 
satisfactory. Figure 3 shows the diagram 
of an amplifier which has been found satis- 
factory for the purpose. Further re- 
finements, stich as inverse feedback, can, 


of course, be introduced to increase the 


accuracy of the measurement or to im- 
prove the stability and permanency of 


calibration. The need for these will be. 


dictated by the nature of the problem 


with which one has to deal. Examination . 


of the diagram shows that the integrating 
circuit is incorporated into the input cir- 
cuit of the amplifier. The voltage across 


the integrating capacitor is applied toia 


6F5; the output of this tube is fed to a 
6.N7 which serves as amplifier and phase 
inverter, so that the pair of output tubes, 
2A3’s, receives essentially a push-pull 
signal, The secondary winding of the 


output transformer has several] taps, so — 


that a proper match with the load can be 
accomplished. Any high-quality stand- 
ard amplifier, to which the special inte- 
grating circuit has been added, can, of 
course, be used in place of the one shown. 
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- shunt coil of a d-c machine with a k 


‘pointed out. 


thought that this was due to the 


any field will induce a voltage in it 


’ recognized as the cause, the remedy 


- Calibration ce ie dinec ts 
simple. In contrast to a shunt met! 
it is not necessary to have a cali 
current available of the same 
magnitude as the currents to be 1 
ured. By linking the calibrating curre 2 
several times with the toroid coil, 
magnitude can be reduced to almos: 
desired value. Thus, if, for insta: 


number of turns is available, curre 
the order of a few amperes can be 
for calibration. Instead of using a k 
current for calibration, it is also po 
to calculate the voltage which will 
duced by a given current of sinuso 
wave shape and known frequenc ; 
‘shown in equation 7a. For the tor 
which this equation refers, we had fo 
a voltage of 166 millivolts induced b 
1,000 ampere rms, 60-cycle per sec 
sinusoidal current. By applying 
millivolts, 60 cycles per second, ob 
from any convenient 60- cycle | 
(such, as a voltage divider) to the 
integrating circuit and amplifier, and 
serving the output of the amplifier 
brationis obtained. Because of the: 
of the integrating circuit, as explained p 
viously, the calibration will be corree 
for any wave shape. } 
An interesting detail in connection 1 
the leads of the toroid coil should 
During the initial e 
ments, when the leads were brought « 
as in Figure 2, it was noticed th 
voltage induced in the coil was not 
pendent of the position of the coi 
respect to the conductor. At first 


section of the toroid not being 
enough. The true explanation, ho 
is that the toroid itself forms a loop, 


gardless of whether a current — 
through it or not. As soon as th 


obvious: one end of the winding shot 
be brought back along or, ideally, on 1 
axis of the helix, as shown in Figure 
As soon as this was done, the positior 
the loop no longer had influence on t 
magnitude of the induced voltage. 
other way to accomplish the same rest 
at the same time increasing the out 
voltage, is to wind atother layer o: 
on the toroid, progressing with this a 
in the oe direction, i> uaa 
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Design Features of Generators for Diesel- 


Electric Switcher Locomotives 


Cc. A. ATWELL 
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Synopsis: Simplicity and reliability have 
seen kept foremost in generators recently 
Jeveloped for Diesel-electric switcher loco- 
notives ranging from ten to 80 tons. New 
motors and control equipment have been 
Jeveloped at the same time. This paper 
leals especially with the generators, their 
slectrical and mechanical features, and per- 
formance characteristics, both as power 
zenerators and as motors for engine start- 
ng from the locomotive battery. Operating 
tundamentally as self-excited generators, 
separate exciters have been eliminated. 
Che simplicity of the generator windings has 
illowed corresponding simplicity of control 
ircuits. 


HE Diesel-electric-locomotive genera- 
tor is part of a portable power plant. 
This power plant is built into the loco- 
notive, and, if it does not function cor- 
ectly, the locomotive does not do its 
york properly. This power plant must 
ye reliable and controlled easily under 
rariable conditions of weather, location, 
notion, and frequently varying load. 
Mechanical and electrical simplicity 
ind durability are very desirable features 
f one wishes to obtain continued and 
eliable service with operators that are 
iot always acquainted thoroughly with 
lectrical equipment. Simplicity of the 
ontrol scheme is also dependent mainly 
m the generator performance character- 
stics and windings. . 
The purpose of this paper is to explain 
he electrical and mechanical features of 


-aper 44-25, recommended by the AIEE committee 
n land transportation for presentation at the AIEE 
yinter technical meeting, New York, N. Y., Janu- 
ry 24-28, 1944. Manuscript submitted Novem- 
er 13,1943; made available for printing November 
0, 1943. 
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some of the recent generators that have 
been developed for industrial switcher 
locomotives and railway switchers up 
to approximately 80 tons. 


Mechanical Requirements 


Generators with a single bearing at the 
commutator end have been adopted as 
standard for the sake of mechanical de- 
sign simplicity. The armature is sup- 
ported at the engine end by the engine 


Figure 1. Engine— 
generator unit ar- 
ranged for three- 
point support 
1,800 rpm, 140- 
horsepower net in- 
put 


crankshaft. This arrangement uses the 
smallest number of parts and provides 
for the closest coupling between the 
generator and engine. 

Steel-disk couplings, flexible to angular 
misalignment, are employed on the 
higher-speed engine-generator combina- 
tions, where the generator stator is bolted 
solidly to an engine bell housing. The 
coupling flexibility takes care of slight 
inaccuracies in machining that may pre- 
vent the engine shaft and the generator 
shaft from being exactly in line. The 
steel-disk coupling does not have rota- 
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tional flexibility. This is not desirable 
as the generator armature should act as a 
flywheel for the engine, thus allowing 
the engine flywheel to be cut down in 
weight merely to what is necessary for 
coupling purposes. When the generator 
stator is rigidly connected to the engine 
by being bolted to a bell housing, the 
whole power plant is mounted with a 
three-point support (see Figure 1). Two 
of these support points are at the sides of 
the generator frame, and the third point 
is at the opposite end of the engine. This 
three-point support makes it easy to 
provide a flexible mounting for the 
complete power plant when resilient sup- 
ports at these three mounting points are 
supplied. 

Another common method of combining 
the engine and generator into a unit 
power plant is that of supporting both on 
a rigid bedplate (see Figure 3). Means 


are provided for aligning the generator 
shaft accurately with the engine crank- 
shaft before the generator frame feet are 
bolted solidly to the bedplate and doweled 
in position. 

The first impression that the layman 
gets, in looking at the engine-generator 
set for a Diesel-electric locomotive, is 
that the generator is much smaller than 
the engine. This, however, is not some- 


thing for the generator designer to boast 


about. It is due to the inherent fact 
that the really active material of the 
engine requires a lot of attachments and 
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Figure 2. A generator used on 25- to 50- 
ton locomotives 


1,000 rpm, 170-horsepower net input 


auxiliaries for its proper functioning, 
whereas the electric generator is nearly 
all active material of either electric or 
magnetic circuits. 

How large should a: generator be to 
operate with a given engine? One engi- 
neer expressed it by saying that the 
generator should be able to do anything 
that the engine will do. This is a rough 
but simple way of stating it and is a very 
general guide. The Diesel engine and the 
d-c electric generator are such different 
types of power machines, however, that 
there is more to it than such a simple 
statement. More specifically, the genera- 
tor size is determined usually by the 
torque and speed that the engine can 
supply to it continuously and by the 
maximum volts and maximum amperes 
demanded of the generator by the electric 
driving motors in order to meet the re- 
quired locomotive performance. The 


most economical generator size is ob- 
tained when both it and the driving 
motors are.designed at the same time, 
with proper regard to voltage and am- 
pere values. 

Naturally, 


generators directly con- 
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nected to high-speed engines are smaller 
than those for slow-speed engines. Usu- 
ally, engines with operating speeds be- 
low 1,500 rpm are called slow-speed, and 
those above 1,500, high-speed, for loco- 
motive service. 

Generators designed for this service 
are usually all new, so that there is a 
freedom of choice of the ratio of di- 
ameter to length. The result is always a 
compromise between the short and fat 
and the long and skinny types. This 
compromise is the result of consideration 
of the economical ratio of diameter to 
length of the armature core, the diameter 
that will best suit mounting with the 
given engine and a minimum over-all 
length of the engine-generator set. An- 
other factor affecting this ratio is the 
critical speed of the rotating members of 
the engine and generator taken together. 
In some cases the diameter of the genera- 
tor armature has been made smaller than 
it would have been, for the other reasons 
just mentioned, in order to reduce the 
armature WR? and keep away from criti- 
cal speed vibrations that might cause 
dangerous stresses in the rotating parts. 

This type of generator is well suited to 
effective self-ventilation by a fan on the 
armature shaft. The generator is nearly 
always mounted in a protected compart- 
ment, so that it is not necessary to en- 
close the space around the commutator 


other than to provide a cover over the 


top to protect the commutator and brush 
holders from falling objects. The ar- 
rangement shown in Figure 3 is especially 
effective in providing clean air for cooling 
the generator and using the air exhausted 
from it to assist in ventilating the engine 
compartment. A vertical partition in the 
enclosing hood (not shown in Figure 3) is 
located at the center of the generator body 
and prevents hot air from the engine 
compartment being used to ventilate 
the generator. 


Figure 3. A loco- 

motive power-unit 

arrangement that af- 

fords easy access 

and good ventilation 

for both generator 
and engine 


1,000 rpm, 295- 
horsepower net in- 
put 
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In this case, the blower | 


“3 
» 


for force-ventilating the traction motor 
and control, the air compressor, and thy 
auxiliary generator are arranged 
veniently to be driven from a shaf 
tension at the commutator end without 
in any way preventing easy access to t 
brush holders and commutator. 

Electrically, the generator must act a 
a generator for supplying power t 
motors and also as a battery-driven 
for cranking the engine. These two type 
of electrical performance will be cc 
sidered under separate headings. a 


Performance Characteristics as a 
Generator 


When the performance curves of 
Diesel-electric locomotive generator 
discussed, we must always keep in mi 
the fact that it is supplied with a rathe 
definitely limited amount of power inp 
Unlike the ordinary powerhouse lighti 
generator, the voltage cannot be kept con 
stant over a wide range of ampere load, 
This is due to the fact that an increase in 
amperes, without a corresponding decrea 
in voltage, means an increase in power 
yond the ability of the engine. The ideal 
generator-regulation characteristic is one 
that supplies just-the right voltage at any 
ampere load and speed, so that its outpt 
plus the losses will balance exactly the 
power supplied to the generator. 
other words, the*problem of the genera 
regulation is to make its power input 
balance the output of the engine at a: 
ampere load demanded by the tracti 
motors and at any speed and throt 
opening of the engine. 

Many types of separate exciters and 
field-current regulators have been con 
sidered for properly adjusting the genera- 
tor field strength at different ampere 
loads, so that just the right voltage 
obtained. Many of these schemes are t 
complicated or introduce factors of 
reliability or additional cost or main 
tenance to have found favor for use o 
small- and medium-size switcher loc 
motives. 

The type of sence that gives 4 
close approximation of the ideal regul 
tion, and at the same time an ultimate i 
simplicity, is a modification of the ordi 
nary self-excited d-c generator. The modi- 
fications consist of adding a small pe 
centage of separate excitation from th 
locomotive battery and a special ut 
symmetrical shaping of the main p 
faces. The unsymmetrical main-po 
shaping is allowed, because the rotatio 
always in the same direction. The obj 
of this pole-face shaping is to change 
load saturation curves with respect to the 
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Figure 4. 65-ton’ Diesel-electric railway 
locomotive 4 


no-load saturation curve, so that the field 
excitation provided by the self-excited 
and battery fields will approach closely 
that required for the ideal voltage 
regulation. This effect results from a 
compounding action that counteracts 
the effect of armature reaction to the 
desired degree. 

Figure 6 shows test voltage and speed 
regulations of a generator driven by a 
Diesel engine delivering 275 net horse- 
power to the generator at 1,200 rpm. 
From F to £ on the speed curve, or C to 
B on the voltage curve, the generator is 
absorbing full-throttle power from the 
engine. Over this part of the curve the 
engine speed is determined by the load 
the generator demands from it. Since 
the speed is approximately constant, the 
horsepower input is also approximately 
constant. 


At E the engine governor starts to 


operate, and the speed from E to D is 
determined by the governor and not the 
generator load. The part of the voltage 
curve BA is the voltage that the genera- 
tor will produce at this governed speed 
with the same field setting as for the full- 
throttle operation from C to B. Point 
B is called the ‘‘unloading point.”’ Most 
of the operation of a switcher locomotive 
will be over the voltage range from C to 
B, and, when maximum power and speed 
are required over this range, the operator 
will use wide-open throttle. Actually, in 
switching service, or even in so-called 
‘transfer service,” full throttle is not 
used for a very long period of time. At 
partial-throttle positions, both speed and 
voltage are lower at any given amperes. 
Since amperes represent locomotive trac- 
tive effort, partial throttle and lower 


voltage simply mean lower speed at a_ 


given tractive effort. 
In cases where the locomotive is re- 
quired to do high-speed service at light 
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tractive efforts, it is desirable to provide 
a second field setting so that a higher- 
voltage unloading point will be obtained, 
as at J. This is obtained by decreasing 
the amount of resistance in the self- 
excited field circuit when the voltage 
has increased to G. This change is con- 
veniently made with a voltage relay. 
This permits full-throttle loading with 
speed H,—K and voltage G;-J. At K the 
engine governor begins to operate, and at 
lower ampere loads the speed is deter- 
mined by the governor, and the generator 
produces voltage J—L. 

It is obvious that, if full power were 
taken from the engine at very low am- 
peres, the voltage required would be very 
high, The minimum amperes for which 
the unloading point is set must be chosen 
with due respect to the maximum voltage 
that the generator commutator is good for 
and the voltage required by the traction 
motors to provide the specified high- 
speed performance of the locomotive. 

It should be kept in mind that the per- 
formance shown in Figure 6 is the maxi- 
mum performance of the power plant, 
and that most of the operation will be at 
less power and correspondingly lower 
speed and volts. This lower power per- 
formance will be a result of the operator 
not using full throttle. Diesel engines 
for locomotive service are not intended for 
full-throttle operation continuously. The 
generator could operate continuously 
between two limits of continuous rating. 
The upper limit of continuous ampere 
rating is determined by the heating of the 
main cutrent-carrying parts, such as 
armature windings, commutating field 
windings, and commutator; the minimum 
limit, by heating of the self-excited field 
which has increased amperes and result- 
ing increased heating as voltage rises. 

The battery field uses only a few am- 
peres from the battery and is left on at 
all loads. The purpose.of this separately 
excited battery field is to provide a posi- 
tive flux in the magnetic circuit and 
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‘ starting motor. 


1 
py 


Ten-ton Diesel-electric industrial 
switcher locomotive 


Figure 5. 


definite voltages at the lower operating 
speeds. The special shaping of the main 
pole faces is of assistance to the battery 
field in this respect. 


Performance Characteristics as a 
Starting Motor 


The most convenient method of engine 
cranking is to use the generator as a 
This eliminates the 
necessity for a separate starting motor, 
its mounting and gearing to the engine 
flywheel. 

A series motor characteristic is neces- 
sary to provide both high breakaway 
torque and the required firing speed and 
torque. A separate series main-field 
winding is built into the generator es- 
pecially for this purpose. At starting, 
this field winding is connected in series 
with the armature and commutating 
field. This starting-motor circuit is con- 
nected directly to the battery terminals 
until the engine fires. 

Engine builders are usually in a posi- — 
tion to furnish information on the break- 
away torque required to start the engine 


1000 


1200 


to) 200 400 600 800 


Typical generator-voltage and 
speed-regulation curves 


Figure 6. 
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TO MOTORS 


VOLTAGE RELAY 


BATTERY 


Figure 7. Schematic control diagram showing 
simplicity of circuits 


from zero speed and the speed and torque, 
required at firing. The best method of 
obtaining this information, with all 
mechanically driven auxiliaries con- 
nected as in service, is by means of an 
oscillographic test recording volts, am- 
peres, and speed of the generator acting 
as a starting motor. The values of 
speed, torque, current, and volts during 
starting are such rapid transients that 
ordinary meter readings are very un- 
certain. 

Figure 8 is a tracing of a typical os- 
cillogram of such an engine-starting test. 
A 60-cycle timing wave was included in 
addition to the values of volts, speed, and 
amperes. In this case speed was recorded 
by a disk mounted on the engine shaft 
that made eight contacts per revolution. 
The speed at any point along the curve 
can be obtained by finding the number 
of cycles of the timing wave correspond- 
ing to a certain number of the speed- 
indicating impulses. For example, at 
the firing point, four speed indications or 

- one-half revolution correspond to 8.4 divi- 
sions on the 60-cycle timing wave, or 
214 rpm. 

In this oscillogram the current record 
is used to measure instantaneous torque. 
The actual torque is obtained by referring 
to an ampere-torque curve, previously 
obtained from factory test of the genera- 
tor as a series motor. The initial inrush 


Figure 8. Typical oscillogram of test to de- 
termine engine-starting requirements 


SPEED — 8 IMPULSES PER REVOLUTION 


of current is not a measure of breakaway 
torque, since this current is limited only 
by the impedance of the circuit and would 
represent more torque than is required 
to start the engine turning. The ripples 
in the current curve indicate variations 
of torque due to the cylinder compres- 
sions. The maximum value of the first full 
compression has been taken as the cur- 
rent corresponding to maximum break- 
away torque. This value, scaled from 
the oscillograph, is 355 amperes. From 
the ampere—-torque curve for the generator 
used in this test, this current corresponds 
to a torque of 1,040 pound-feet. 

After breakaway, acceleration con- 
tinued up to a time of approximately 2.0 
seconds, after which the speed was nearly 
constant, as indicated by the equal spac- 
ing of the speed-indicator impulses. 

When the engine fired, a sudden de- 
crease in current took place. The point 
is accurately determined when a tangent 
is drawn to the tops of the ripples of the 


Table | 
Commutating-Field 
Winding Volts Amperes 
Be eae Mes Berra ys An Ah Don ae Pne sy oo 375 
Out. ig Aaeeres Ebi 4 SS rie esters tack 325 


current curve just ahead of this decrease. 
The engine firing in this case started at 
3.18 seconds after 9.15 revolutions, at a 
speed of 214 rpm at 315 pound-feet 
torque. A number of such tests should be 
taken under varied conditions of tem- 
perature, engine-oil viscosity, and length 
of time the engine has been standing. 
This information is necessary to provide 
data for designing the series-field wind- 
ing of a new generator and to determine 
the characteristics of the battery that 
will be required to insure engine starting 
under these conditions. 

Figure 9 is a typical curve of a genera- 
tor operating as a series starting motor ob- 
tained from factory test under steady- 
state conditions. The curve is plotted 
as shown so that either breakaway or 
firing torque can be read from it and also 
the voltages required. The torque curve 
was determined when pounds were read 
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- peres this generator will require to ste 


200 400 

AMPERES 
Figure 9. Typical curve of generator operating 
as a series starting motor 


at the end of an arm clamped to th 
shaft under locked condition. This w 
checked when torque was calculated from 
inputs, speeds, and losses while it ran a 
30 volts. Theoretically, the torque, wh 
running, should be slightly less than 
locked torque, but the speed is low and 
the field strength comparatively low in 
comparison with the operating condi- 
tions as a generator, so that the rotational 
losses are practically negligible. Thi 
running and locked torques are, there 
fore, plotted as one curve for simplifica- 
tion. 

To illustrate the use of this curve, let 
us use the values of torques and spee 
obtained from the oscillograph test ant 
determine what values of volt and am 


the engine. (Incidentally, the osci 
graph test was taken on a different ty 
of generator prior to the development 
this one.) The breakaway torque 
1,040 will require 640 amperes and 
terminal volts. The firing torque of 
at 214 rpm will require 335 amperes an 
a terminal voltage of 35. The latter 
value is obtained by interpolating be 
tween the 30- and 40-volt speed curves, 
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Figure 10. Battery volt-ampere curve wit 
volt-ampere points for a given engine's starting 
requirements : 
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Figure 10 shows these volt-ampere 
points located on the same plot with the 
voltage of a proposed battery. The 
battery-voltage curves were obtained 
from the battery manufacturer’s data. 
Such data are usually given in volts per 
cell and amperes per positive plate. It is 
plotted here as total amperes and ter- 
minal volts for the battery considered. 
The volts drop from battery to generator 
terminals must be accounted for. This 
drop includes that of such switches and 
contactors as are in the starting circuit. 
It is advisable to utilize liberal cable size 
in this circuit and to keep the lengths as 
short as possible, because a few volts drop 
multiplied by the amperes required rep- 
resent a large percentage of the power 
being drawn from the battery. 

If the volt-ampere points for break- 
away and firing lie well below the genera- 
tor-terminal voltage curve, then the 
battery proposed can be considered as 
adequate. 

The question is sometimes asked as to 
why the commutating-field winding is 
not omitted when the generator is used 
as a starting motor at the comparatively 
low battery voltage. This would give a 
lower-resistance starting motor, and, at 
first thought, this would require less 
battery volts at a required speed and 
torque. Actually, this is not the case. 
For example, tests on a generator, used 
to start an engine which required a 
firing torque of 200 pounds-feet at 200 
tpm, showed the volt-ampere require- 
ments given in Table I. 

Although the amperes required are 13 
per cent less, the voltage is 25 per cent 
greater with the commutating-field wind- 
ing omitted and would require a higher- 
voltage battery. The reason for this is 
the familiar effect of an undercompen- 
sated commutating field reducing the 
speed of a motor. In the case of com- 
plete omission of the commutating-field 
excitation with the poles still in place, the 
undercompensating effect is very marked 
and produces the unfavorable change in 
required volts and amperes shown in 
Table I. 


Conclusion 


Generators having the mechanical 
features and the electrical performance 
described in this article are being applied 
to many sizes of industrial and railway 
switching locomotives at the present time. 
In addition to use on railroads and in 
industrial plants, many are being used by 
the Army and Navy in the United 
States and overseas. Others’ are being 
supplied to our allies. Their simplicity 
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Diesel-Electric Switching-Locomotive 


Application by Means of 


Nomographic Charts 


A. P. MILLAN 


NONMEMBER AIEE 


Synopsis: The application of switching 
locomotives involves calculations of loco- 
motive performance under given conditions 
of grade, train weight, and length of run. 
Such calculations can be made quickly by 
nomographic charts. Equipment heating 
limitations on Diesel-electric and electric 
locomotives can also be checked by ele- 
ments added to the nomograms. The 
theory and the method of construction of 
such charts are described in the paper. 


N the process of determining appli- 

cability of Diesel-electric locomotives 
to railroad and industrial switching 
services, it is often necessary to deter- 
mine whether or not the haulage of a 
given train up a grade of known length 
and severity is possible without exceeding 
the locomotive-equipment heating limi- 
tations. 

The performance of such a haul is 
limited by wheel-to-rail adhesion, or by 
heating of the electric (traction motors 
and generators) or the engine equipment, 
or by both of these limitations. 

Since switching service—be it indus- 
trial or railroad—usually comprises rela- 
tively short movements at full-load rat- 
ing of the locomotive-engine equipment, 
coupled with idle periods, the engine 
Paper 44-27, recommended by the AIEE committee 
on land transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-28, 1944. Manuscript submitted Novem- 
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T. F. PERKINSON is with General Electric Company, 
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equipment is, in general, applied on an 
intermittent-rating basis. Thus, a nomi- 
nal 500-horsepower unit is suitable for 
sustained operation of the engine equip- 
ment at 500-horsepower output for but a 
limited period of time. This may be a 
period of one-half hour, or one hour, after 
which the load must be reduced 1.9 a 
fraction of the rating for a definite period 
of time before the nominal rating load can 
be carried again. 


Likewise, the traction motors and 
generators are limited to definite-period 
loading, depending upon the heating 
characteristics of the machines under 
various conditions of loading. 


The conventional speed—tractive-effort 
characteristic of the Diesel-electric 
switching locomotive, by itself, gives no 
information as to the service that can be 
performed with the locomotive without 
exceeding its equipment limitations, par- 
ticularly in the high-tractive-effort low- 
speed portions of the characteristic 
where electric-equipment heating is 
limiting. 

The speed-tractive-effort characteristic 
can be combined with the time-limitation 
characteristics, both of the engine and the 
electric equipment, on a nomographic 
chart which can be used to determine 
graphically and quickly whether or not a 
particular locomotive can handle safely a 
given train under known conditions of 
grade and length of grade. 


The trailing tonnage that can be 


and reliability will be important factors 
in prompt movement of supplies and 
men in the many locations where they 
will be used. 
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Figure 1. Speed-tractive-effort characteristic 
for 80-ton. 500-horsepower Diesel-electric 
switching locomotive 


handled by a locomotive at a definite 
speed on a given grade is determined by 
solution of the equation 


T—W2z(Rr+20G) 


i= £206) 


in which 


T=tractive effort in pounds of the loco- 
motive at the given speed 
Ry, =resistance of the locomotive in pounds 
per ton of locomotive weight at the 
given speed 
R;=train resistance in pounds per ton of 
train weight at the given speed 
W,=weight of trailing train in tons 
W,=weight of locomotive in tons 
G=grade in per cent 


The train resistance varies with the 
individual weights of cars in the train, 
but, since unjustifiable complications in 
the calculations would be involved were 
this variation considered, a fixed value 
of train resistance based on experience 
is assumed in the following. This is 
taken at 8.5 pounds per ton. The value 
of Rz, resistance of the lcomotive,! is, 
however, easily determined for different 
speeds by the equation 


0.00244 V2 


Wn (2) 


Rr= 1.347" 40.03 V+ 
W 
in which 


Rz=resistance of locomotive in pounds per 
ton 
W =weight per locomotive axle in tons 
N=number of locomotive axles 
V=speed in miles per hour 
A=cross section of locomotive in square 
feet 
=105 for 50-ton locomotives 
=110 for 70-ton locomotives 
= 120 for 100-ton locomotives 


By means of the two equations, given 
in the foregoing, and the speed-tractive- 
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(1). 


effort characteristic curve applying to 
the particular locomotive (Figure 1 
shows stich a characteristic for a 500- 
horsepower 80-ton locomotive), a speed, 
grade, and trailing tons can be indicated 
as in Table I. 

This table can be plotted in the form of 
a three-element nomogram with speed, 
grade, and trailing tons as the three 
elements. While the nomogram may be 
worked out analytically, the authors 
suggest that the graphical method of 
constructing the nomogram, as de- 
scribed in the following, is simpler and 
less tedious for those not skilled in setting 
up nomograms in general, : 

On any convenient size of paper the G 


scale is drawn in at the left-hand side of . 


the paper, perpendicular to the base 
ordinate, while the W scale is erected 
perpendicular to the base line near the 
right-hand side of the paper (Figure 2). 
The authors suggest a minimum distance 
of 10 inches between the G and W scales 
and a length of 20 inches for the G and 
W scales for charts for locomotives up to 
1,000-horsepower rating. 

The W scale is marked off in a recti- 
linear scale, so that the maximum ton- 
nage shown in Table I falls near the top 
of the sheet with the value of 0 tons at 
the base line. 

On the G scale the value of 1.0 per 
cent grade is arbitrarily located one half 
of the length of the G-scale line above 
the base line. The value of zero per cent 
grade is taken at the base line. 

The S scale is located as follows: 

From the table select a value of ton- 
nage that can be handled at a low speed— 
5.0 miles per hour—on level grade, and 
draw the construction line AB (Figure 2). 
From the table select a value of tonnage, 
corresponding to the same speed pre- 
viously used—5.0 miles per hour in the 
present case—, that can be hauled on a 
1.0 per cent grade. Draw the construc- 
tion line CD. The intersection of AB 
and CD determines one point on the S$ 
scale. A second point corresponding to a 
higher speed can be determined in a 
similar manner when two combinations 
of speed, tonnage, and grade are selected 
from Table I. The S scale is then drawn 


in, as shown, as a straight line. 


The G scale may be calibrated up to 
the maximum value of grade desired when 
the value of W is calculated for assumed 
values of G at 5.0 miles per hour by equa- 
tion 1, and when the values of G are 


‘located on the scale by means of a 
straightedge from the value of W on the’ 


W scale through the 5.0 mile-per-hour 
point on the S scale. 
Similarly, the S scale may be calibrated 


‘ 
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by laying a straightedge between the 
values of tonnage and grade given in 
Table I. F 

The upper end of the S scale may be 
taken at a speed point correspond 
to 25 per cent adhesion tractive eff 
on the speed-tractive-effort charact 
istic. In the example selected 25 p 
cent of the locomotive weight is 40,000 
pounds and the speed corresponding te 
this tractive effort from Figure 1 is 2.2 
miles per hour. 

The elements of the chart, which are” 
required to indicate engine- and electric. 
equipment heating limitations, are added 
as described in the following procedure. — 

At the point on the S scale corre- 
sponding to 25 per cent adhesion speed, a 
perpendicular AB in Figure 3 is erected 
Another line CD, Figure 3, is erected 
perpendicular to the S scale at the loco. 
motive speed corresponding to the short- 
time limitation on the electric equip- 
ment which corresponds to the short-time 
limitation on the engine equipment. 
the example selected, the engine equip- 
ment is limited to operation at 500 
horsepower for 30 minutes, and the speed 
of 3.5 miles per hour corresponds to a 
30-minute rating on the electric equip- 
ment for an initial winding temperatt 
of 100 degrees centigrade and a final 
winding temperature (at the end of 30 
minutes) of 160 degrees centigrade. 

The point D is projected over to the 
line AB, parallel to the S scale to the 
point E. The line AE is then laid off on a 
logarithmic scale in minutes with the 
value of one at A and 30 at EZ. 

‘The points F, G, and H are laid in om 
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Figure 2. Construction of speed—grade 


train-weight nomogram 
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Figure 3. Speed—grade — train - 
weight nomogram combined with 
speed-time—distance nomogram to 
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the 10-, 15-, and 20-minute lines at the 
speeds corresponding to the tractive 
efforts to which these short-time ratings 
conform. The line FGHD indicates the 
limitations imposed by safe heating of 
the electric equipment. 

The line JK is now drawn in as shown, 
perpendicular to the S scale at J, and 
calibrated in a log scale in speed in miles 
per hour with the value of one at J and the 
value of 30 directly opposite the 30- 
minute mark on AB. 

The line LM is erected midway be- 
tween JK and AB and calibrated in a 
log scale in miles fixing the 0.1-mile and 
10-mile points with a straightedge laid 
between JK and AB at the points three 
miles per hour and two minutes (for 0.1 
mile) and 80 miles per hour and 20 
minutes (for ten miles). : 

The elements AE, LM, and JK are a 
nomographic plot of the equation 


M=0.01667XSXT (3) 


Fepruary 1944, VoLuME 63 


in which 


MM =distance in miles 
S=speed in miles per hour 
T=time in minutes 


The chart is now ready for use. 
As an example of its use, it is desired 


to determine whether the haulage of a 


1,400-ton train up an 0.8 per cent grade 
one mile long will cause overheating of 
the engine or electric equipment on the 
80-ton 500-horsepower locomotive for 
which the chart has been drawn. 

A straightedge laid between 0.8 on the 
G scale and 1,400 on the W scale crosses 
the S scale at 2.8 miles per hour. 

A straightedge laid across the points 
2.8 on line JK and 1.0 on line LM inter- 
sects the time scale at 21.5 minutes. A 
line drawn from 2.8 on, and perpendicu- 
lar to, the S scale intersects the 21.5- 
minute line at X, and, since this point 
lies above the electric-equipment heating 
line FGHD, the indication is that the 


Millan, Perkinson—Diesel-Electric Switching 


Table |. Trailing Tonnages 
Per Cent 
Speed Grade (Compensated) 
Miles 
PerHour Level 0.5 1.0 1.5 2.0 
By. Sitoeke CWE hee oe 1,674. ..1,057...762...588 
5.0 Dt Gly crete 1,227. 768...547...418 
(for MOOS Seis 840. 516, ..361...270 
TOTO heer 1420) osc 609. 367...251. ..182 
DESEO ee 974..... 404, 234, ..152...104 
20 Oa eis LER On air 292. 1Gi. 2 OS. eeu 
AB Ors ea SAO) ode 204. 104 4.68. 28 
SOK 0. eae 340..... 113 45. 12 
S50 hres LOS eee. 45 
AO Oise ecaite 100 


Resistance based on 8.5 pounds per ton, motors 
blown. 


Tonnages do not include weight of locomotive. 


electric equipment will be overheated in 
performing the given service. It may be 
noted that the line from 2.8 miles per 
hour on the S scale to X intersects the 
line FGH at 14 minutes. A straightedge, 
laid between the 14-minute point on line 
AB and the 2.8 point on JK, intersects 
the M scale at 0.66 mile, indicating that 
haulage of the 1,400-ton train on an 
0.8 per cent grade should be limited to a 
distance of 0.66 mile, if the electric equip- 
ment is not to be overheated. 

By obvious cut-and-try methods it can 
be determined that a train of 1,285 tons 
trailing is the maximum that can be 
handled on the 0.8 grade, one mile in 
length, without exceeding the permissible 
temperature rise in the electric equip- 
ment. 

If the intersection of the speed line 
from the S scale with the time line falls 
below the electric-equipment heating- 
limitation line, but to the right of the 
30-minute line, overheating of the engine 
equipment is indicated. 

If the straightedge between the G 
scale and W scale falls across the S scale 
at a point above and to the left of the 
point A, a high value of adhesion (greater 
than 25 per cent) and the likelihood of 
wheel slippage are indicated. 
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Symmetrical-Components Analysis of 
the Four-Phase System 


A. BOYAJIAN 


FELLOW AIEE 


Synopsis: Symmetrical-components con- 
cepts are developed for the currents, volt- 
ages, and impedances of a four-phase system, 
and formulas are given for various types of 
short circuits. The idea of symmetry 
among the members of each set is based on 
the angular displacement between the mem- 
bers of the set, rather than that of phase 
rotation which fits the three-phase case 
very nicely but is inadequate for the four- 
phase case. 

Aside from its possible value for four-phase 
problems, which are rather rare, the paper 
is presented here in the expectation of an 
additional benefit, namely, that the parallel- 
isms and contrasts between the four-phase 
and the three-phase formulas may throw 
further light on the general theory and ap- 
plications of symmetrical components. 


1 Beet highly developed automotive 
art—model of American efficiency in 
production—has taught the public to 
expect that the factory must. be specially 
tooled up for each new model. The 
philosophy of tooling is such common 


knowledge in the mechanical arts that, | 


even though many an operation could be 
carried out with hammer, file, and screw 
‘diiver, many a mechanic will frequently 
be seen making a special tool for an odd 
operation, as requiring less time in the 
end. The same philosophic principle 
holds in all the arts, electrical as well as 

_ mechanical; and such an experience in 
electrical engineering, with a conscious 
philosophy of tooling, led to the work 
which forms the subject matter of this 
paper. 

The author had occasion to analyze the 
performance characteristics of an existing 
two-phase system if converted to a five- 
wire four-phase system. The attempt 
was made first by elementary methods, 
using such common tools as Kirchhoff’s 
laws, but the problem involved unknown 
mutual impedances, and additionally the 
equations tended to be lengthy and 
burdensome, 
meant going through a similar distasteful 
operation all over again. It was then 


Paper 44-24, recommended by the AIEE committee 
on basic sciences for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-28, 1944. Manuscript submitted October 
21, 1948, made available for printing November 
27, 1943, 


A, BovajIAN is electrical engineer, power-trans- 
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and each new problem > 


thought that on the whole the work would 
be much less and the results more de- 
pendable if a tool was developed in the 
form of a four-phase symmetrical-com- 
ponents method of analysis. This was 
done, and the results fully justified the 
expectations. The analysis became very 
systematic and straight forward; the 
impedances, such as could be estimated 
with some confidence; and the resulting 
formulas, such as could be interpreted 
and checked physically, It was then 
thought that it might be worth while to 
put this sytem of analysis on public 
record, not only for use on those few oc- 
casions when four-phase system problems 
may be encountered, but also for its 
technical and educational value, as a fur- 
ther illustration of the power of the sym- 
metrical-components concept as a tool in 
the analysis of electrical systems. 

Those familiar with the three-phase 
technique will be interested in observing 
the resemblances and the differences be- 
tween the three-phase and the four- 
phase techniques.1—$ 


Concept of si a Components 
in the Four-Phase System 


The conventional concept of symme- 
trical components of three-phase | sys- 
tem—positive-negative-, and zero-phase- 
sequence components—is peculiar to 
the three-phase circuit and not very 
adaptable to a system with greater num- 
ber of phases, becatise a four-phase sys- 
tem must have four components (n- 
phase system m components), and the 
concept of positive-, negative-, and zero- 
phase-sequence components offers us no 
clue as to how to find an appropriate 
fourth component for the four-phase 
system. 


[ic Tia 
Figure 1. Symmet- 
tical set of vectors, 


lig I 


Figure 2. Symmet- 
tical set of vectors, Isp 
ip Tap 
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If, instead of considering the direc 
of rotation as the distinguishing mark 
a symmetrical set of vectors, we consi 
the magnitude of the characteris 
angle between the vectors of the adjace 
phases as the distinguishing mark, 
obtain a rule that enables us to defin 
the symmetrical components of a system 
of any number of phases. Thus, if the 
angle between adjacent phases is 0 for 
the normal symmetrical set of vectors of 
the system, then a set in which the vectc 
succeed each other at intervals of 2 6 
constitutes a second symmetrical set 
one with intervals of 30, a third sym- 
metrical set; and so forth. The nega- 
tive-sequence set of the three-phase sys- 
tem corresponds to the set having : 
characteristic angle of 26. Since, in t 
n-phase system, @ equals 360/n degrees, 
the nth set of symmetrical vectors will 
have the characteristic angle 1(360/n), 
or just 360 degrees, which is equivalent 
to zero; that is, all of the vectors will b 
in phase with each other, like the zero- 
phase-sequence set of the three-phase 
system. The set (n + 1) turns out to bea 
duplication of set 1, (n + 2) a duplicate 
of set 2, and so forth, so that the m-phase 
system has only distinct symmetrical 
components. 

Accordingly, in a four-phase system 
(Figure 5), the consecutive phases of 
the normal symmetrical set of vectors 
I, are spaced 90 degrees apart (Figure 1); 
those of set hb, 2X90 degrees or 180 
degrees apart (Figure 2); those of set i;, 
3X90 degrees or 270 degrees apart (Fig- 
ure 3); and those of set I,, 360 ae ieee or 
what is equivalent to it, 0 degrees apai 
(Figure 4). 

Evidently, the set I, (Figure 1) cor- 
responds to the positive-phase-sequence 
set of three-phase systems: the set 
(Figure 3), to the negative-phase-se 
quence set; and the set J, (Figure 4), 
to the zero-phase-sequence set; but there 
is nothing like the set J, (Figure 2) in a” 
three-phase system. The set J, has a 
similarity to the set I,, except for the 
important difference that, instead of a 
neutral return, the. horizontal phases 
act as return to the Vertical phases, and 
vice versa. 

The difference in concepts leads also to 
a difference in notation. If we wish the 
subscript to represent the characteristic 
angle, then the set of vectors in Figure 3, 
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trical set of vectors, 


| 
I, res | 


ELECTRICAL cae 


, 


Impedance Data 


Table I. 


Primary 
BankG BankU Lines Total 
7,500- 7,500- 15,000- 15,000- 
KvaBase KvaBase KvaBase KvaBase 
(Per (Per (Per (Per 
Cent) Cent) Cent) Cent) 
4 Ses 6.4...., Grae #2 ees DAS see 8.8 
Sieg ORT "ohes EE 9 Fitz ARR eee 75. 
eee GrASte es Ge eS aantes Dba: 8.8 
hh tT WO. «pat Livi 7 TUN AAA ee 150 


with the characteristic angle 30, is cor- 
ectly marked as J;; whereas, if phase 
‘otation were to be the guide, we would 
aave had to mark it h, and the set J, as 
fo, conforming to the conventional nota- 
tion for the negative- and zero-phase- 
sequence components of the three- ~phase 
ircuit. This author feels that the three- 
phase notation is about as poorly adapted 
as the three-phase concept to the four- 
phase circuit, but, inasmuch as J, has 
zero characteristic angle in all systems, 
we may use the conventional symbol J) for 
it. So in what follows, we shall refer to 
[,and E,as I, and E. 


[Impedances to Sequence Currents 


The types of symmetrical sets of cur- - 
rents already defined, and illustrated in . 


Figures 1—4, define also the corresponding 
impedances (Zi, Zo, Zs, Zo) for a four- 
phase system. 

(a). Z, is the impedance of the circuit 
to the normal balanced four-phase cur- 
rents of Figure 1. It is independent of 
the condition of the neutral—whether it 
be grounded or isolated, and even whether 
the mid-point of the vertical windings is 
joined with that of the horizontal wind- 
ings. Phase A, however, must be joined 
with C, and B with D. 

(b). Z is the impedance offered to 
currents like those in Figure 2. As the 
horizontal and the vertical phases act as 
return circuits to each other, their mid- 
points must be tied together, Otherwise 
Z,, will be infinity. The grounding or 
isolation of the common neutral makes 
no difference to Zp. Zp, can be measured 
with single-phase voltage, connecting A 
to C as one terminal, and B to D as the 
other. The result must, of course, be 
sxpressed per phase. 

To secure a low value of Z, opposite 
phases must be well interlaced or’closely 
coupled with each other. Depending on 
the presence or absence of such treat- 
ment in transformers, Z, may be as low 
as Z,/10, or as high as 10 Z. 
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Ign! 
lac=loc_ Tical set of vectors, 
I4p=lop I 
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424-5 Figure 5. Four- 
PRI. 
phase supply system 
—three-phase _pri- 
mary, four-phase sec- 
ondary connections 
D 
SEC. 
Cc A 
B 
D 
424-& 
SEC. 
N<= —_,» 
Cc A 
Figure 6.  Single- 2p 
phase load, line-to- 
neutral B 


(c). Zs is the negative-phase-sequence 
impedance and has the same value as Z; 
for static circuits. 

(d). Z. If Figure 4 is compared with 
Figure 2, there is a certain similarity in 
the flow of currents, J, and 4h, by virtue 
of which, Z, may have the same, or ap- 
proximately the same, value as Z:. The 
important case in which this would not be 
true at all is the case of the isolated neu- 
tral, in which case J) cannot flow, and 
Z must then be set down as infinity, 
while Z, may still have a very low value. 

In most of the practical instances, 
therefore, the four-phase system is likely 
to have only two independent, imped- 
ances, Z, and Z; although, in the 
general case, the static system will have 
three independent impedances, Zi, Zz, 
and Z; and the rotating machine, four. 

In all of these cases, it is necessary to 
assume that, for any one set of currents, 
the corresponding set of impedance drops 


are also symmetrical in the same sense. 


as those currents. If this is far from true, 
the value of symmetrical-components 
method of analysis is greatly reduced. 


Symmetrical Components of 
Unsymmetrical Four-Phase 
Currents 


Representing the four phases by letters, 
the symmetrical components by num- 
bers, and with phase A as the reference 
phase, 


Kh=My=(t1p/902 + [¢/180° + 
1,/270")/4 (1) 
Bh=Tyg= (+1 p/2X90° + 10/2X 180° + 
Ip[2X270°)/4 (2) 
Tg=I,4= (Lg+p/3X90° +-I¢/3 X 180° + 
Ip/3X270")/4 (3) 
h=ha= (4 +Ip/4X90° 4+1¢/4X 180° 
Ip/4X270°)/4 (4) 
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and inversely 


L=Lththt+h 
I3=/90°+L/2X90°+ 
T,/3X90°+40/4X90° 
=1,/90°—h+1,/90+1, 
To =h/180°+/2X180°+ 
T,/3X180°+/4X 180° 
=a heh Lel 
Ip=h/270° +/2X270°+ 
1/3 X270°+4h/4X270° 
=1,/90—1,—1,/90-+1, 


— 


L (4.1) 


These accord with Figures 1-4, 

Equations analogous to 1-4.1 anus 
also to voltages. _ 

We now apply these formulas to some 
representative unsymmetrical cases for 
use in short-circuit calculations. 


SINGLE-PHASE LoAD From ONE LINE TO 
NEuTRAL: A-N 


As line A (Figure 6) is the only one with 
current, all others zero, 


I,=I, (given); I ,=0; Ig=0; Ip=0 


Therefore, in applying formulas 1-4, 
only the first term on the right needs 


. consideration, and we obtain the result 


=1,/4; L=14/4; Ib=14/4 
(5) 


That is, in the loaded phase (phase A), 
all four components are equal and in 
phase. It can be verified that in the 
adjacent phases (B and D, idle), 7, can- 
cels J), and J, cancels J;. In the opposite 
phase (C, also idle), 7, cancels , and i, 
cancels J. These relationships find a 
significance in the calculation of voltage 
drops. If the corresponding impedances 
are alike, where the currents cancel, so 
will the voltages; but, if the impedances 
are dissimilar, a net voltage change (with — 
no net current) will result. 


=1,/4; i 


Table II 
Grounded Bank 
Phase A Phase C 
(Per Cent) (er Cent) 
, 1) Za (1265/4) ‘S82! B68. ee. ea os 
(2) aZ2 (1.56574) 75? “= 31° 6 T. —31 
(3) FsZs (1.65/4) 8.8= 3.63.....-.. 3.63 
(4) IhZ (1.65/4)150 =62 ......-. —62 
(5) Total Drop....... TUOs “sy. ere ames —85.7 


¢ 


Figure 7. Single- 
phase load, line-to- 
line 
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SINGLE-PHASE Loap Across ADJACENT 
Lines: A-B 


It is seen from Figure 7 that 
I,=I, (given); Ig=—I4; Ip=0; Ip=0 


Hence, only the first two right-hand 
terms of formulas 1-4 count, and we ob- 
tain the results . 


1 Piet ) 
Ia 9 glal45° (a) 
1 
rei VEO 
Fer 
i 45° 
I; 5 wack (c) 
E20 (d) 


SINGLE-PHASE Loap ACROSS OPPOSITE 
Lines: A-C 
From Figure 8 
I,=1, (given); I3=0; Ic¢=—I4; Ip=0 
By equations 1-4 
f, a 0.514 
I, =0 
Iz omer 0.51, ‘ (7) 
7 A =0 . 


Formulas for Fault Currents and 
Voltages 


LINE-TO-NEUTRAL SHORT CircuIT: A-N 


If the load in Figure 6 is treated as a 
short circuit, the entire phase voltage 
Eva is then consumed by the total im- 
pedance drop in phase A. .Hence 
Eya=LZ,4+hZt+hZs+Z 


“If the values of i, and so forth, are 
substituted from equation 5, 


Eva=l4(4it2Z.+2:+ Zo) /4 (8) 


As I, is now tau, therefore 


Teut =4Ey,/ (Zi +Z2.+2Z;+Zo) (9a) 
and for static circuits 
=4Ey4/(22:+2:+2Z) (9b) 


If the fault has an impedance Z;, an 
impedance Z, may be assumed in series 
with each one of the open lines also for 
symmetry, in which case each one of the 
impedances Z, ..., Zo will be increased 


D 424-8 
—> —_— 
G A 
I coal 
Figure 8. Single- 
000 phase load, across 
Zp : opposite lines 
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by Z;, changing equation 9a into equa- 
tion 10 


[y=4Ena/ (Zit Zat Zat+Zo+4Z)) 


Another way of considering the fault 
impedance in this case is as one connected 
in series with the neutral, carrying a 
current 4J), in which case, Z;, Zz, Zs are 
not affected, but Z is increased by 4Z,, 
leading again to equation 10. 

This equation 10 may be compared 


(10) 


with that of the three-phase case, namely 


Traut =8Ey a/(Zit+-Z2+Zo+3Zy) in conven- 
tional notation (11) 


The equivalent-sequence network of 
the four-phase circuit under considera- 
tion is shown in Figure 9. It follows from 
equations 9 and 10. 

If we apply normal phase voltage (line- 
to-neutral) to this network, the resulting 
current is one of the sequence currents 
(all alike in phase A); if we apply four 
times that voltage, the resulting current 
is the fault current. 

Equations 9 and 10 hold equally in 
absolute values or in per unit values, also 
in percentage values, in which latter case, 


however, the fault current is in terms of - 


“times normal.” 

To illustrate the calculation of the 
terminal voltages under fault condition, 
Vyp Will be seen to be given by equation 
12 as the open-circuit voltage minus the 
four impedance voltages of phase B 


Vip =Eys— (h/90°Z,:+be/ 180 °Za+ 


1;/270°Z34+-Io/360°Z) (12) 


LINE-TO-ADJACENT-LINE SHORT CIRCUIT: 

A-B 

In the light of Figure 7, if the load is 
treated as a short circuit, it will be seen 
that the open-circuit voltage Ej, is 
consumed by the impedance voltage in 
phase A minus the impedance voltage in 
phase B. And as Ey, is equal to ./2 
E,, /45°, therefore 


Epa=(hZ+hZ.+hZsthZ)— 
(1,Z,/90°+ 1hZ2/180°+hZ/270°+ 


I,Z./360°) 
= V2hZ,/45°4+2hZ,+ 
V2hZ,/45°+0 (13) 
2 Zs 424-9 


I FAULT 
a 


E=4Ena 


Figure 9. Equivalent sequence network of 


Figure 6 
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Bs Epa 


Figure 11. Equivalent sequence network o 
Figure 7 for static circuits only 


If the values of h,..., I are sub 
stituted from equation 6 


Epg=T4(0.5Z;+Zy+0.5Zs) (14) 
Hence 


faut = F'34/(0.5Z:+ Z2+0.52Z;) (15: 
=Epa/(Z,+Z2) for static circuits 

(LE 

If the fault itself has the impedam 
Z,, half of it may be assumed as in seri 
with line A, the other half in series wi 
line B; and for the sake of symmetr 
a Z,/2 may be assumed as existing alse 
in series with each one of the open lin 
C and D, so that each one of the fa 
sequence impedances Z,, ..., Zo is i 
creased by Z,/2, and formulas 15 
transformed to 16. 


Traut =E34/ (0.52:+2Z2+0.5Z;+Zy) (16a 
=Ex,4/(4i+2.+Z,) for static circ 


Z; could have been inserted in eq 
tion 16 by inspection, without referer 
to symmetrical components, but 
reasoning in the preceding paragraph i 
given to illustrate a principle and ; 
method. - ; 

The sequence network of this is show: 
in Figure 10 (and 11), except that i 


Figure 12. A quadrant short circuit 
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PRIMARY 


SECONDARY 


‘igure 13A. Three-phase to quarter-phase 
connected transformer bank 


epresents only J, or J, properly—I, if 
Epa is impressed, J, if half that voltage 
S impressed—but not J, or i, as a con- 
ideration of equation 6 will make clear. 
equence networks may have such limi- 
ations. 

If the resultant voltages under the 
ault conditions are required, the same 
easoning as in equation 12 applies to 
he neutral-to-line voltages; and the 
ine-to-line voltages follow from neutral- 
o-line voltages as in 


(16c) 


LINE-TO-OPPOSITE-LINE SHORT CIRCUIT: 
A-C 


_In the light of Figure 8 and equations 7 


lon =Vys— Vue 


wa =hQZ4t-h2+hZ;,+hLo 
=0.51 (2: +2Z,) (17) 
fault = 2E y 4/(Zi+Z;) (18a) 
=Ey4/Z: for static circuits (18b) 


The last is an obvious result, though 
1ot equation 18a. 

The sequence network is evident from 
quation 18a. 


\ QUADRANT SHORT Circuir: A-—B-N 


Case 2, involving lines A and B, did not 
nvolve the neutral, but, in this case, lines 
4 and B are short-circuited to the neutral 
Figure 12). Now there are three differ- 
mt fault currents: I, Iz, Ty. AS Ty is 
he (negative) vector sum of J, and Jp, 
md as I, and J, (as well as Ig and Ip) 
ire the resultants of the sequence cur- 
ents, the independent unknowns may 
till be taken as hy, . , Ip, and the 
quations defining them are 


wa =NhZ.t-h2Z2+hZst+IZo (a) 
ove =hZ,/90°—hZ.+ 
1,Z;/270° +1Zo si 
e=0=hv/180°+ 
I,+4,/180 °+ My (c) 
p=0=1,/90°—1,+-1:/90° +4 (d) 
These can be solved perhaps more 
asily numerically, substituting the values 
f the impedances, the two known cur- 


ents (0), and the two known voltages 
1 or 100 per cent). 


(19) 


‘EBRUARY 1944, VOLUME 63 


PRIMARY 


BANK G 


BANK U 


The foregoing cases will illustrate how 
to proceed in the solution of other com- 
bination short circuits. Generally, the 
sum of the known voltages (consumed) 
and the known currents (zero) will be 
four, the same as the number of the un- 
knowns, h,... , 4, and therefore sufficient 
to solve the problem. 


Example 


Each one of two banks of three-phase 
to two-phase transformers is connected 
up as in Figure 13a. The secondary 
(two-phase) windings of each single- 
phase transformer are seen to be two in 
parallel, connected up for 2,500 volts. 
We wish to investigate the character- 
istics of the system if the two-phase coils 
are connected up in series for 5,000 volts 
and arranged four phase (Figure 13b) 
with the neutral of only one bank (G) 
grounded, the other (U) ungrounded. 

The impedance data are as shown in 
Table I. The high value of Z, for the 
transformers arises from the fact that 
originally no loading of the mid-point 
of the secondary windings in 5,000-volt 
connection was contemplated, and there- 
fore no provision was made to interlace 
the two halves. No values are entered 
for Z, for the primary lines because there 
is no current in them corresponding to 
I, in the secondary lines. For bank G, 
Z) is entered as equal to Zs, while for 
bank U it is entered as infinity because 
the neutral of this bank is ungrounded. 
While, in the design of the transformers, 
Z,and Zp are alike, yet in the system as a 
whole (last column) Z) has double the 
value of Z, on account of the particular 
neutral treatment—one bank neutral- 
grounded, the other bank neutral-iso- 
lated. These figures are all reactance 
values, the resistance components being 
ignored here as relatively small. 


Currents 


The value of the single-phase fault 
current, from one line to neutral, by 
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2500-VOLT LINE TO NEUTRAL 


SECONDARY 


Figure 13B. Two banks of transformers ‘s 
three-phase to four-phase connection 


Bank G neutral-grounded; U ungrounded 


equation 9 will be seen to be 


Traut =4 X 100/(8.8-++-75+8.8-+- 150) 
=400/2438 
=1.65 times normal, based on 15, 000 
kva 


The components J,, I, and J; divide 
equally between the two banks, but 
flows exclusively in bank A (with 
grounded neutral). As all components 
are equal in the fault, the current in the 
faulty phases (A) of the two banks will be 


Bank G, Is =2(5/8)1.65 times renee 
rating - 
=2.06 times transformer ane 
Bank U, I4=2(3/8)1.65 times transformer 
rating 
=1,24 


Voltages 


The important question about the 
voltages is particularly the drops through 
the large Z, and Z. A view of all four 
sequence drops is given in Table II. 

In item 5 the negative voltage drop 
of 85.7 per cent means that, under the 
fault, the voltage of phase C rises to 
185.7 per cent. Evidently this implies 
supersaturation of the core leg of phase C 
in bank G. ~ ' 

The voltages of the other phases of 
this or of the other bank can be similarly 
calculated (remembering that J) is zero 
for bank hs 
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Modern Electric Locomotives in Open- 


Pit Mine Haulage | 


J. E. BORLAND 
NONMEMBER AIEE 


ARLY in 1942 Phelps Dodge Corpora- 
tion started production of copper 
from their new open-pit mine and reduc- 
tion plant at Morenci, Ariz. One of the 
earliest mining districts of the state, 
Morenci had produced some 900,000 tons 
of copper since the beginning of opera- 
tions in the early 70’s, largely from ores 
of two to three per cent copper content, 
mined underground. 

The ore body now opened had been 
explored from the earlier underground 
workings, and. by churn and diamond 
drilling. It is estimated to contain 
230,000,000 tons of ore averaging slightly 
over one per cent copper, capable of 
profitable recovery by open-pit mining, 
concentration, and smelting. The new 
operation, therefore, will produce more 
than twice the amount of copper pre- 
viously taken from the district. In the 
extraction of this ore, approximately an 
equal amount of barren capping and 
slightly mineralized rock throughout the 
ore body will have to be removed and 
hauled to lean-ore dumps or to waste 
dumps in canyons adjacent to the mine. 

Preliminary development to uncover 
sufficient ore and prepare the mine for 
the planned initial production of 25,000 
tons of ore a day was started in 1937. 
This preparatory development included 
the removal of some 50,000,000 tons of 
material, establishment of benches in the 
mine area, construction of truck haulage 
roads and standard-gauge railroad for 
ore and waste haulage. In the first 
stages this work was handled mainly 
with 4 41/,-yard full-revolving electric 
shovels and 18 22!/,-yard end-dump 
trucks. Later, with the formation of 
‘benches and construction of roadbed, rail 
was laid in the mine, and the main-ore 
and waste haulage tracks were installed, 
permitting the work to be taken over 
largely by trains of 30-yard side-dump 
Four 125-ton Diesel-electric loco- 
motives with engines of 1,000 horse- 
power sea-level rating, were put on trial 
Paper 44-28, recommended by the AIEE committee 
on land transportation for presentation at the ALEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-28, 1944. Manuscript submitted Novem- 


ber 13, 1948; made available for printing December 
1, 1943. 


J. E. Borvanp and L. G. Rivey are with Westing- 
house Electric and Manufacturing Company, East 
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L. G. RILEY 


NONMEMBER AIEE 


and used in this service, and in the latter 


stages the 125-ton electric locomotives 
that had been selected for main-ore haul- 
age were utilized. 


In the initial development, 11 mining 
benches were opened in the ore body, at 
a uniform height of 50 feet and average 
width of 100 feet, laid out at even eleva- 
tions above sea level, the lowest at 4,750 


feet and the highest at 5,250 feet. 


Benches vary in length up to approxi- 
mately 4,000 feet. Ultimately the pit 
will be developed to a maximum length 
of 5,800 feet and will cover 350 acres. 
The lowest level to be worked will be 
the 4,200 and the highest the 5,500. 

The nearest suitable location for the 
reduction plant in the rugged terrain of 


the district was a comparatively level 


section southeast of the mine. At this 
site the ore haulage tracks at the primary 
crusher were established at an elevation 
of 4,480 feet. From the nearest point 
of exit from the mine to the crusher the 
straight-line distance is about 1.8 miles, 
but the high hills and the town of Mo- 
renci lying between these points necessi- 
tated a considerably greater length of 
ore haulage track. 

In the early part of the development 
period, analyses were made of the costs 
of ore and waste haulage for the planned 
maximum production of 40,000 tons of 
ore a day, based on operation on maxi- 
mum grades of 3.4, 4 or 6.5 per cent. 
With the decision to limit the maximum 


grade to four per cent, construction of | 


the track roadbed from the mine to the 
crusher was started. 

The plan of ore and waste oe 
tracks at the start of production was 
approximately as shown by Figure 1; 
some alterations have since been made. 
A.series of switchbacks on a descending 
grade of four per cent, compensated for 
curvature, lead from the mine for nearly 
two miles to a section of 0.4 per cent 
descending grade a little less than a mile 
in length, terminating in a 0.4-mile level- 
approach track to the primary crusher. 
Successive mining benches are connected 
at the ends nearest the ore haulage tracks 
by switchbacks on four per cent grade. 
From the opposite ends of the benches 
tracks on maximum grade of 3.5 per cent 
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- estimated that 85 per cent of all mate 


lead to approach tracks to four w: 
dumps in Coronado Canyon and on 
Fairbanks Gulch, adjoining the 
Dump tracks are on 0.25 per cent grac 
at elevations of 4,800 to 5,200 fi 
Something over half of the total wz 
rock disposal during the life of the m 
will be in Coronado Canyon, about 
per cent in Fairbanks Gulch, and the 
mainder in Chase Creek Canyon, alor 
the main-ore haulageway. Although 
track elevation at the crusher, 4, 
feet, is about midway between the pres 
and the final lowest mining bench, 4, 
feet and 4,200 feet respectively, i 


will be hauled over favorable grades. 
Main-ore haulage tracks are laid w: 
131-pound rail, standard-gauge; bent 
and waste-dump tracks with 90-poun 
rail. Double track provided on t 
main-ore haulage road and passing tracks 
are not shown in Figure 1. 
Comparisons were made of the amount 
of equipment required and the opera 
costs for ore haulage with solid-body 
side-dump cars of different capacitie 


Table |. Ore-Haulage Schedule for Loce 
motives in Continuous Operation Betwe 
Mining Bench (4,950 Feet) and Crushe 


Number of cars in train............. 11 
Weight of empty car............e06 
Weight of ore load in car..... fined , 
Running time with loaded train, down 
hill, from end of temporary track on 
4,950-foot bench tocrusher........ 
Running time with empty train uphill, 
from crusher to start of temporary 
track on 4,950-foot bemch.......... 
Delay of one minute at each of 4 
switchbacks in each direction...... 
Assuming locomotive switches to 
empty train at crusher and to 
loaded train at bench: 
Switching time at crusher.......... 
Switching time at bench........... 


Total time of round trip...... 


and with trains of different numbers 6 
cars. These analyses were based on hawt 
ing 25,000 tons of ore in two eight-ho 
shifts, at the maximum train speeds ec 
sidered permissible on the several sectic 
of permanent, semipermanent, and te1 
porary track, on an expected maximut 
average loading capacity of 6,050° 


‘in eight hours by each 41/.-cubic- 


electric shovel, and at a maximum dum 
ing rate of 3,400 tons per hour at 
primary crusher. Although they ind 
cated a greater investment for equipmet 
and higher energy consumption witl 
side-dump cars in ore haulage, ther 
were compensating advantages in sift 
plification of mine operation and trai 
dispatching by the use of cars of 
same type in both ore and waste-haula 
service, and in elimination of the large c 
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dumper and its operating expense, in- 
cluding spotting locomotives and crews, 
which would be required to dump solid- 
body cars at the crusher. The decision 
was made, therefore, to plan the ore- 
haulage program on the use of trains of 
11 side-dump cars of 40 cubic yards 
capacity each. 

Analyses were made also of the initial 
investments, operating costs and other 
features of ore and waste haulage with: 


(a). Diesel-electric locomotives. 


(b). Electric locomotives for operation from 

a 750-volt trolley circuit, using power from 
the projected 50,000-kw turbine generating 
plant at the reduction works. Previous 
estimates on a 1500-volt system had shown 
no advantage over 750 volts in this service 
and had confined further considerations to 
the lower voltage. 


Electric Locomotives 


In the final analysis, electric locomo- 
tives were selected for main-ore and 
‘waste haulage at Morenci. Nine loco- 
motives were placed in service during 
1941 for the initial production of 25,000 
tons of ore a day, and seven more are in 
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Table Il. Maximum Train Speeds Considered 
Permissible on Various Track Sections 


Miles Per 
Hour 

On temporary track and switchbacks........ 8 
Fast track from crusher to elevation 4,500: 

Upgrade..... Vilarnin ste Saks ietohclelort oleisto iets atrle 25 

Downgrades aaah sits a dock ode: 18 
Other permanent track: 

Unerade ir. in casas cee eee 15 

Downgrade. Mink svodaeken eee ee ee 12 


service for the 80 per cent extension in 
plant capacity, now nearing completion. 
Their general appearance in operation 


a 
) is indicated by Figures 3 and 4. 


Figure 1. Track layout map 
_ for Morenci mine — 


Figures indicate elevation 
above sea level 


44807 


CRUSHER 


OPERATING VOLTAGE 


The locomotives are designed for opera- 
tion at a nominal-contact trolley-line 
voltage of 750 volts direct current and a 
maximum voltage of 900 volts at no load 
in the mercury-arc-rectifier substations 
supplying the trolley circuit. 


LocoMoTIvE WEIGHT AND HAULAGE 
CAPACITY 


The locomotive weight of 125 tons was 
selected to permit hatiling the maximum 
train of 11 38.5-ton empty cars up the 
four per cent grades with an estimated 
adhesion of slightly over 19 per cent, and 
to provide by electric braking over 40 
per cent of the retarding effort required 
with trains of 11 128.5-ton loaded cars 
descending the four per cent grades. The 
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cars in use have an empty weight of ap- 
proximately 45 tons and carry from 90 to 
100 tons of ore or waste. 

To insure adequate capacity for the 
most severe duty that might be imposed 
in haulage service co-ordinated with the 


_ Maximum rates of loading by 41/.-cubic 


yard electric shovels and dumping at the 


‘primary crusher, the locomotives are — 


capable of maintaining continuous opera- 
tion between the mining bench at 4,950 
feet elevation and the crusher on the 
ore-haulage schedule shown in Table I. 

The maximum train speeds considered 
permissible on various track sections are 
shown in Table IT. 


BENCH OPERATION 


Although it is practicable to operate 
electric locomotives from temporary trol- 
ley structures on the mining benches, in 
order to free operations of any impedi- 
ment from such structures in the mining 
areas and to avoid the delay and ex- 
pense of maintaining and moving them 
in the progress of mining, it was deemed 
advisable to make other provision for 
train movements on bench track. Al- 
ternative arrangements considered were: 


(a). Cable reel on the locomotive for power 
supply on bench tracks beyond the ends of 
electrified sections. Such operation was 
somewhat dubious because of the great 
lengths to which the mine benches will ex- 
tend, the slow speeds necessary when opera- 
ting on cable reel paid out from the loco- 
motive, and the probability of rapid wear 
and short life of cable in such service. 


(b). Auxiliary Diesel-engine-generator set 
on the locomotive to supply power for train 
movements on unelectrified bench tracks. 
Because of the increased cost of an auxiliary 
unit of sufficient power for satisfactory move- 
ment of loaded and empty trains on bench 
tracks, and the operating complications 
which would be introduced, this arrangement 
was concluded to be undesirable. 


(c). A storage battery on the locomotive of 
sufficient capacity for train movements at 
the desired speeds on the benches was de- 
cided to be worthy of trial. 


Each locomotive is equipped with a 
storage battery applied for an expected 
life of approximately five years. The 
most severe duty cycle on the battery 
for train movements on benches was 
estimated to be for power supply in the 
following operations: 


Hauling a train of 11 empty cars from the 
start of temporary track on the 4,950 foot 
bench to the far end, a distance of 4,000 
feet, in approximately 5!/. minutes. 


Spotting 11 cars at the shovel for loading at 
the rate of 15.75 tons per minute. 


Accelerating the train of 11 loaded cars at 
a maximum rate of 0.1 mile per hour per 
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second and hauling it back to the trolley at 
the start of permanent track in approxi- 
mately 61/2. minutes. 


Operating air compressor for braking serv- 
ice, and supplying lighting, heating, and 
control circuits. 


_ The 240-cell 500-volt lead-acid storage 
battery applied to each locomotive has a 
discharge capacity of 500 ampere-hours 
on a six-hour basis, approximately 70 
per cent of the estimated output required 
for six complete bench cycles in average 
duty. The complete battery weighs ap- 
proximately 14 tons. 

A large part of the battery output in 
each bench cycle is restored during the 
succeeding interval of time in which the 
locomotive is operating under the trolley 
to the crusher with loaded train, while 
dumping cars and when returning the 
empty train toa mine bench. Automatic 
charging equipment on the locomotive 
connects the battery to the trolley circuit 
through suitable resistors, providing at 
the start a high charging rate and later a 
reduced rate when the battery charge has 
been restored to a predetermined value. 

With the locomotives in service for 
three eight-hour shifts each day, the 
batteries automatically are returned to 
full charge during the runs to and from the 
crusher. Under other conditions, such as 
waste-haulage and dump operation, oc- 
casional lay-up for recharging is neces- 
sary. Periodic equalizing charging is 
also regular practice. A lay-up track is 
provided at the mine pit shops for re- 
charging from the trolley wire, and the 
batteries automatically are disconnected 
at full charge. Daily gravity readings 
are taken to check battery conditions. 

As it is expected that, after some years 
of further development of the mine, the 
frequency of movement of bench tracks 
will be less than that necessary in present 
operation, and it later may become ad- 
vantageous to operate from portable 


Figure 2. General view of the mine pit and 
benches, showing progress made early in 1943 
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trolley over the bench tracks, all locomo- 
tives are arranged for the addition of side- 
arm collectors, when desired. 


ELECTRIC BRAKING 


Studies were made of the merits of 
regenerative braking or dynamic braking 
on the locomotives to assist the straight 
or automatic air brakes in retarding 
loaded trains on descending grades, and 
thereby reduce wheel and brake-shoe 
wear and maintenance and replacement 
costs. The decision to adopt dynamic 
braking was based mainly on the lower 
cost and relative simplicity of locomotive 
and substation equipment. : 

The dynamic brake on each locomo- 
tive is capable of producing retarding 
efforts up to 50,000 pounds at train speeds 
between 8 and 18 miles per hour. 


Construction of Locomotives 


Haulage conditions encountered in a 
project such as the Morenci mine have 
led to the development of a locomotive 
specially adapted to this duty. Figure 5 


shows the general dimensions and con-_ 


struction. 

The running gear consists of two four- 
wheeled trucks, having welded steel 
frames supported by a combination of 
coil and half elliptic side springs. The 
trucks are permanently coupled to- 
gether with a mallet or ball hinge, and 
the drawheads are built into the truck 
bumpers, so that all draft and bumping 
stresses are continuous throughout the 
running gear and are not in any way 
transmitted to the cab structure. Articu- 
lated trucks are particularly suited to 
the severe duty on rough track, grades, 
and curves, and do not swing crosswise to 
the track in case of derailments. 

The cab has a rigid underframe which 
is supported on two center pins located 
in the middle of the truck bolsters. Side- 
spring restraining plungers carry a portion 
of the cab weight on the inner truck 
bumpers. One center pin is provided with 
longitudinal motion to compensate for the 
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“motors and an air compressor, one for 


the operator has full vision in all direc- 


PERFORMANCE 


changing center distances on ct 
Normal beg for a locomotive a th 


ballast required by the starting con 
has been built into the structural men 
bers and provides a large ma gin 
mechanical strength. A novel struct 


by loose rock and other track obstruc- 
tions. Clearance below the rock guarc 
is one inch less than the motor clearance 

To provide maximum visibility for the 
operator, cabs are of the steeple type, 
with sloping hoods at each end, and an 
elevated operating compartment in the 
center. In addition to the control com-— 
partment, there are five apparatus com- 
partments, two at the ends for the 
battery, two adjacent equipment com- 
partments, and a central resistor space 
under the operating deck. 

Each of the two equipment compart- 
ments includes a blower for two traction 


the air brakes and one for the car-dump-_ 
ing system. Electrical control apparatus 
for operation of the traction motors and 
auxiliaries is also housed in this space. 
Ventilating air is drawn in through air 
filters in the side walls and delivered to 
the traction motors through the hollow 
center bearings. 

The control station is so located that 


tions and by means of mirrors can see 
the blind side of the train. A double-shoe 
pantograph trolley is mounted on the 
roof of the operating compartment. 


Under present operating conditions, a 
typical round-trip run between loading 
benches and the crusher is nine miles, 
with 470 feet change in elevation and 


Figure 3. Electric locomotive spotting ore 
_ cars for loading at a bench shovel 


ELECTRICAL ENGINEERING | 


| 
J 


Figure 4. Locomotive and train unloading 
waste 


switchbacks involving four stops and 
reversals in each direction. The maxi- 
mum round-trip run is 15 miles, with 770 
feet change in elevation and several 
additional switchbacks. Numerous four 
per cent grades averaging 1,300 feet in 
length on switchbacks are with the load, 
which means that upgrade operation with 
the empty train is an important factor in 
determining locomotive capacity and 
schedule speeds. 

The average round trip from bench to 
_ erusher requires about one hour, to which 
must be added a 1- to 1!/,-hour loading 
period on the bench. Under ideal 
scheduling of operation, nine round trips 
will move 7,000 to 8,000 tons of ore in 24 
hours. 

Train lengths are adapted to the length 
of tail tracks at the switchbacks. Nor- 
mally, trains are made up of nine 45-ton 
dump cars, each of which will hold 90 
to 100 tons of ore, making a trailing load 
of 405 tons upgrade, and 1,200-1,300 
tons downgrade. Safe downgrade speeds 
with full load are limited by curves and 
track conditions to from 12 to 18 miles 
per hour. Return speeds with empties are 
from 15 to 25 miles per hour, depending 
on the grade. 

Speed and tractive-effort character- 
istics of the locomotive are shown in 
curve data form by Figure 6. 


Moror CONTROL 


Because of the great variety of starting 
and running conditions, the three-speed 


Figure 5. Side view and general dimensions of 
125-ton electric locomotive 
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system of motor control is used, involving 
series, series-parallel, and parallel con- 
nections for the four motors. The one- 
quarter and one-half speed connections 
are particularly useful in battery opera- 
tion where economy of ampere-hours is 
important. Spotting of cars at the 
shovels and crusher also makes use of the 
low-speed notches. 

There are a total of 22 starting notches, 
an ample number for starting a loaded 
train on grades and curves, without wheel 
slippage. Sand is used when rail condi- 
tions are abnormal. All motor combina- 
tions and resistor switching are managed 
with remotely controlled electropneu- 
matic switches. The motors are also 
switched from line to battery power with 
an electropneumatic transfer switch. 
The controls for all motor and auxiliary 
operations are centrally located so that 
the operator has full charge of the entire 
locomotive without moving from the 
control platform. 

Figure 7 shows the distribution of the 
starting notches in terms of speed and 
load, and also the dynamic-braking 
notches which control retardation. Maxi- 
mum current for acceleration can be held 
at 500 amperes per motor, and for braking 
400 amperes per motor. Motor currents 
are indicated on cab ammeters at all 
times. 

In the interest of simplicity and econ- 
omy of space, the traction motor switch- 
ing and resistor equipment are arranged 
for the double purpose of starting and 
dynamic braking. The additional equip- 
ment necessary for braking is thus held to 
a minimum. 

Figures 8, 9, 10, and 11 illustrate the 
switching circuit combinations used for 
series, series-parallel, parallel, and dy- 
namic braking. 

As the master controller is moved from 
the 8th to the 9th, and from the 15th to 
the 16th notches, the motors are re- 
connected in the different combinations, 
resulting in higher voltage per moto sand 
higher speed. The process of reconnect- 
ing the motors is known as transition. 
In the ninth notch, the motors of each 
truck are in series but the two trucks are 
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Figure 6. Locomotive performance and trac- 
tive-effort curve 


now in parallel, giving one-half voltage 
to each motor and its series resistance. 
During the interim between the eighth 
and ninth notches, the motors of the 
number 2 truck are by-passed, giving a 
momentary loss of tractive effort. This 
is known as shunting transition. 

Between the 15th and 16th notches, 
the motors in the two trucks are recon- 
nected in parallel, giving full voltage 
per motor circuit. The change in this 
case is made by the bridge method where- 
in the transition is set up by paralleling 
the two motor circuits without inter- _ 
rupting the flow of current in either 
motor and, consequently, without loss 
of tractive effort. 
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BRAKING 


Obviously, 
speeds with loaded trains on four per 
cent downgrades is an important feature 
of safe operation. Three braking systems 
are provided, the standard automatic air 
brake, a separate straight air nonauto- 
matic train brake, and the dynamic brake. 

The total braking effort necessary to 
hold a loaded train on four per cent grade 
is approximately 100,000 pounds which, 
if developed entirely by the brake shoes, 
would result in overheating and rapid 
wear of shoes and wheels, with frequent 
replacements and excess maintenance. 

The dynamic brake, which is a generat- 
ing action developed by the traction 
motors, is designed to supply approxi- 
mately one half of the total retardation 
needed, or about 50,000 pounds. 


relief of brake-shoe duty more than 
doubles the life of brake shoes, reduces 
the frequency of flat wheels, and pro- 
vides an important safety factor in the 

_ handling of trains. 
Series traction motors can s made to 


TRACTION MOTOR SERIES CONNECTION 
Figure 8. Motor-control schematic diagram 
showing series connection for slow-speed 

operation 


PARALLEL CONNECTIONS SAME FOR 12 


Figure 9. Schematic diagram for series-parallel 
and parallel connections 
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the control of braking» 


This ~ 


BRAKING CONNECTIONS SAME FOR 3&4 


COASTING CONNECTIONS 


Figure 10. Schematic diagram of coasting and 
dynamic-braking connections 


act as generators, and, when so doing, 
their torque is reversed, and they produce 
a braking action. This action, known as 
dynamic braking, is used to supplement 
the air braking to hold trains at constant 
speed on downgrades. The electrical 
output of the generators is absorbed by 
resistors. " 

If a series motor is driven from some 
mechanical source of power (as a loco- 
motive axle) and a resistor is connected 
across its terminals, it will not build up 
to act as a generator because of improper 
direction of current in the series field. 
However, by using a pair of motors and 
connecting the resistor from a point be-— 
tween the armature and field of one 
motor to a corresponding point of the 
other motor, as shown by the circuit 
through the BR switch on the main 
schematic, the armature of one motor 
feeds the field of the other, and braking 
is obtained. 


‘ 
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a dynamic-braking system fee 


- the controller is in the ‘‘o 


duration, making an ideal applica‘ 


Each pair of motors, therefore, 


output into the resistor through thi 
switches. Advance of the brakin, 
trol varies the amount of resistance 
series with each motor and hence 1 
speed at which full dynamic-brakin, x 
fect is obtained. 

A resistor is connected across the 
3 switch and is brought in circuit by t 
HS contactor, which is closed whenev 
”’ position. I 
purpose is to set up a high-resist 
braking circuit during coasting. ‘ 
amount of braking effort produced t 
this circuit is negligible, but the currei 
flowing in the resistance serves to provi 
a voltage for actuating the overspe 
relay. At speeds above approximately 
18 miles per hour, the voltage across t 
resistance is sufficient to cause the r 
to lift, and this prevents the estab 
ment of the full braking circuits. It - 
therefore, impossible to obtain dynam 
braking at excessive speeds, which wo 
generate abnormally high voltages. 

The energy generated by retardat (0 
must be dissipated as heat in the re: 
tors. This is also true of the star 
losses. In the service described, all « 
the resistor load periods are of st 


for grid resistors of large thermal 
pacity, with natural ventilation. Asn 
amount of air is diverted from the motc 
blower system to-supplement ventilat 
of the resistors and to continue the coo! 
process while the locomotive is standing. 

To get the maximum benefits from the 
dynamic system in holding a constant 
speed on heavy grades, there must be 
facilities for building the dynamic re- 
tardation up to a predetermined amount 
and tie Sees this with sufli- 
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Figure 12. General view of a 750-volt 375- 
horsepower traction motor 


Figure 13. Operator's station, show- 
ing the arrangement of control, brake, 
and auxiliary levers 


cient air braking to suit the load, grade, 
and the desired speed. In order to sim- 
plify the procedure of blending the two 
brakes, the dynamic load is regulated by 
Series resistors to a constant value. 
Current-limit relays control the closing 
and opening of resistor switches to hold 
the braking effort between narrow limits 
over a speed range between 18 and 8 miles 
per hour. After the initial application, 
this regulation is automatic, leaving the 
operator free to give fullattention to the 
manual graduation of the straight air train 
brake as needed to hold the desired speed. 


Morors 


Four 750-volt 340-horsepower axle- 
mounted traction motors drive the four 
axles through single-reduction spur gear- 
ing.' Mechanical and electrical design 
features are especially suited to the type 
of service encountered in mine haulage. 

A general view of the traction motor 
appears in Figure 12, which shows the 
frame as a heavy steel casting, with 
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Figure 14 (right). 
assembled panel of motor- 


roller-type armature bearings and oil 
and waste axle bearings. | Labyrinths 
on the armature shaft and housing retain 
the grease for the roller bearings, so that 
greasing is needed only at infrequent 
intervals, The air intake for forced ven- 
tilation is cast into the frame at the rear 
and obtains air from a vertical opening 
in the truck bolster. | 

The inherent inductance of the motor 
is sufficient to smooth out ripples in the 


the commutator. Field coils are seated 
between machined pads in the frame and 
spring washers under the pole tip. Coils 
are fitted tightly on the poles. 

Commutating characteristics are such 
as to withstand the over-voltages en- 
countered in dynamic-braking service 
and hold the volts per bar on the com- 
mutator within conservative limits. 
Armatures are dynamically balanced both 
before and after winding. 


Pre- 


control apparatus 


current supply. In addition, laminated 
commutating poles are used to reduce 
sparking at the commutator with sudden 
changes of current due to interruption 
and reapplication of power. 

Armature and field coils are finished 
with class-B insulation, and the armature 
coils are heated and pressed before in- 
stallation. After being connected, they 
are banded while hot, wedged with Mi- 
carta, and rebanded with nonmagnetic 
banding wire. These features reduce 
operating losses, improve the continu- 
ous rating, and reduce sparking volts at 


Similar operating margins have been 
incorporated in the design of the blower 
and compressor motors. Each blower 
motor is rated ten horsepower at 400 
volts and 2,100 rpm. The two are con- 
nected permanently in series, to take 
advantage of the resulting low-voltage 
commutator design. Compressors use 
direct drive from 25-horsepower, 800- 
tpm motors which are wound for full 


Figure 15. A typical 1,000-horsepower 125- 
ton Diesel-electric locomotive 
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voltage and very generously proportioned Figure 16. A 66-ton 600-volt _ 
to withstand the frequent starting service. mine-haulage locomotive for 


OPERATING EQUIPMENT 


In arranging the operator’s cab, par- 

- ticular attention has been given to con- 

venience and visibility needed for fre- 

quent reversals of train movement. 

Figure 13 shows the arrangement which 
has proved to be most satisfactory. 

All normal starting and braking func- 
tions are controlled by means of con- 
veniently located master control and 
brake handles as follows: 


22-notch motor controller. 
Reversing-control lever. 

Motor cutout switch. 

Dynamic-brake master controller. 
Automatic air-brake valve. 

Independent locomotive brake lever. 
Straight air train-brake valve. 

Disconnect switch for auxiliaries. 
Miscellaneous auxiliary switches and push 
buttons. 


Certain of the auxiliaries, such as 
lights and master-control supply are fed 
directly from the battery at all times. 
Other auxiliaries, such as blowers and 
compressors, ate switched to line or 
battery by the main transfer switch which 
is thrown by the operator when passing to 
and from the trolley-wire sections. 

For convenience in maintenance, as 
well as in original manufacture, the 
motor-control equipment has been 
mounted in preassembled racks, as shown 
in Figure 14. One of these assemblies is 
mounted in each of the two hood compart- 
ments, which are isolated completely 
from the operator’s cab. All power- 
switching equipment is remotely con- 
trolled and is of the well-known electro- 
pneumatic type, particularly adapted to 
heavy duty. An important factor in 
service reliability is the use of 1,500-volt 
rated insulation for power apparatus. 
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use in the Belgian Congo 


428-16 


——\ i 


33-24" OVER PULLING FACES 


In constructing the second lot of - 


Morenci locomotives, it has been possible 
to incorporate numerous details of ar- 
rangement for operating and mainte- 
nance convenience, based on experience in 
handling the original installation. The 
final design is, therefore, adapted to 
the operating conditions on this particular 
property and also establishes standards 
which can be applied universally wher- 
ever large quantities of material are to 
be handled. That these aims have been 
realized, is indicated by the high degree 
of locomotive availability which is being 
maintained at Morenci Mine. 


Other Modern Haulage 
Locomotives 


Figure 15 illustrates one of the 125-ton 
Diesel-electric locomotives used in waste 
haulage and for general duty at Morenci 
Mine. With skillful dispatching, it is 
practicable to make economical use of 
both types of motive power in the varied 


phases of haulage service. 


Stripping operations at present require 
the removal of approximately equal 
amounts of ore and waste. The Diesel- 
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electric locomotives of 125 tons are used 
for a portion of the operation on the 1 
dump tracks, which have light gra 
and no overhead wire. Line constructi 
is being extended, with the addition a 
substation capacity, all pointing to th 
further general use of the electric loco- 
motives. 


gauge 600-volt units now under cor 
struction for use in open-pit copper mit 
ing in the Belgian Congo. The general 
characteristics are quite similar to tho: 
of the Morenci’ locomotives, with the 
exception that, instead, of a storag 
battery for bench operation, a cable r 
and side-arm collectors are to be use 
Short benches, and other differences | 
the mine layout indicate that a batt 
is not essential to satisfactory pe 
formance. = 
Maximum grades on this property are 
two per cent against the load. Th 
empty train amounts to a trailing loa 


‘of 220 tons, and the loaded train is 


tons. These locomotives will handle a 
of the ore and waste haulage and will b 
subject to diversified grade conditions. 


| 
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A New Electric Hoist Drive for Cine 


M. A. WHITING 


ASSOCIATE AIEE 


A NEW system of electric hoist drive 

. has been developed, and its success 
as been demonstrated in practical use. 
for the types of hoist for which it is 
articularly intended this system pro- 
ides a closer approach to the ideal char- 
cteristics than has previously been 
vailable. Although the system is not 
ntended for use in all of the important 
ypes of hoist, it is expected that further 
Xperience and additional study of .de- 
ails and refinements will broaden its 
eld of application beyond that which 
as, to date, been established in practice. 


fhe Ideal Characteristics 


Among the several hoisting applica- 
ions for which the new system is be- 
lieved to be suitable, the high-grade 
eavy-duty indoor cranes in steel mills 
md heavy machine shops;may be con- 
idered typical. A study of the require- 
nents indicates that the ideal character- 
stics for a crane of this type and of cer- 
ain other types are principally as 
ollows: 


The same manipulation of the controller 
© any position in the lowering direction 
hould cause the motor either to deliver 
ower for lowering an empty hook or to ab- 
orb power for the proper lowering of a 
oad, whichever is required by the conditions 
+ that moment. 


| Maximum hoisting speed at empty 
look should be a definite value, approxi- 
nately twice the speed at rated load. 


. At the full-speed hoisting position of 
he controller the stalled torque should be 
imited to a reasonable overload value. 


At the first-speed hoisting position the 
peed-torque curve should be relatively flat, 
laving a very low speed at empty hook but 
. substantial stalled torque. 


. The maximum lowering speed at empty 
look should be a definite selected value, be- 
ween 160 per cent and twice rated hoisting 
peed. : 


. Maximum speed of lowering rated load 
hould be substantially less than at empty 
ook, and maximum speed of lowering maxi- 
Aum load should be less than that of lower- 
ng rated load. 


‘apet 44-19, recommended by the AIEE committee 
n industrial power applications for presentation at 
he AJEE winter technical meeting, New York, 
J. Y., January 24-28, 1944. Manuscript submitted 
fovember 10, 1943; made available for printing 
lovember 30, 1943. 


{. A. Wurrinc is in the industrial engineering di- 
ision, General Electric Company, Schenectady, 
7g 
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’ tion and retardation. 


7. The minimum lowering speeds, that is, 
the speeds at the first lowering-speed posi- 
tion of the controller should be nearly alike, 
irrespective of load, If readily attainable, 
it is preferable that this lowering speed be 
less at heavy loads than at partial loads or 
empty hook. 


8. The electric equipment must have in 
the lowering direction a substantial margin, 
so that, when the maximum load which can 
be lifted is handled, the torque capacity 
available in the lowering direction is ample 
to maintain dependable control of the load 
under the most adverse conditions. ; 


9. A safe and reasonably smooth retarda- 
tion and stop must occur automatically in 
the event of failure of incoming power and 
other emergencies. 


10. The regulating means by which the 
fifth, sixth, and seventh requirements are 
met must not be capable of stalling a load 
which is being lowered, however great that 
load may be, at any lowering position of 
the controller. : j 


11. The electric equipment should be self- 
protective against abuse, either of itself or 
of the mechanical equipment, under the 
condition of rapid and unrestrained move- 
ment of the controller handle. 


12. Itis usually important that the holding 
brake be so controlled automatically that in 
regular service it is not required to supply 
any large part of the retardation effort. 


The reasons for some of the items in 
this list of ideal requirement are probably 
evident. The reasons for some of the 
other items have been explained by J. A. 
Jackson. 


Characteristics of Previous Systems 


The most highly developed crane-hoist 
system using an a-c motor consists of a 
conventional wound-rotor induction mo- 
tor and secondary resistance control 
with the addition of d-c dynamic brak- 
ing in the lowering direction. The 
d-c dynamic braking is obtained by 
exciting the motor stator with direct 
current and absorbing in a controlled 
resistor the power regenerated by the 
rotor when lowering a load. This sys- 
tem has proved very useful, particularly 
in shipyard cranes. Figure 1 shows 
typical speed curves at the various con- 
troller positions plotted against load on 
the hook, at an assumed mechanical 
efficiency of 87 per cent. Certain addi- 
tional speed-load characterist cs, not 
shown in Figure 1, are provided solely as 
automatic transition points for accelera- 
The examination 
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of Figure 1 shows that this system ful- 
fills some of the ideal requirements stated 
in the introduction but departs consider- 
ably from this ideal in certain other 
respects. 

For use with d-c power, the most highly 
developed crane-hoist-motor system com- 
monly used is one in which the hoist 
motor is built as a series motor and is 
operated as a series motor in the hoisting 
direction. In the lowering direction a 
resistor of substantial capacity is con- 
nected to furnish a component of separate 
excitation to the series-wound field and 
to provide a dynamic-braking path for 
absorbing current regenerated by the 
armature when a load is being lowered. 
Several manufacturers build equipments 
of this type which are essentially similar 
but differ in some details, and whose 
characteristics are similar, with minor 
differences. This system has been in 
general and successful use for approxi- 
mately 30 years and is a radical improve- 


“ment over earlier practice. A typical set 


of speed-load characteristics is shown by 
Figure 2, which is a combination of 
Figures 5 and 6 of Jackson’s paper.1 A 
study of this figure shows that it meets 
or approximates some of the ideal char- 
acteristics set forth in the introduction 
but departs widely from this ideal in 
certain other respects. 

That form of the Ward-Leonard sys- 
tem which uses a three-field “‘shovel-type” 
generator”® has occasionally been pro- 
posed for the type of hoist here con- 
sidered. Although this has been the 
standard system for shovels and is an 
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Figure 1. Characteristics of a-c crane hoist 
motor with d-c dynamic braking 
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Figure 2. Characteristics of d-c series crane 
. hoist motor with dynamic braking 


excellent choice for certain other appli- 
cations, its speed-torque curves differ 
widely from most of the ideal character- 
istics here considered. 


The New System 


The ideal characteristics for the appli- 
cations under consideration have been 
approximated closely by the develop- 
ment of a radical improvement of the 
Ward-Leonard system, the principal fea- 
ture of which is the addition of an ex- 
citer of unusual design embodying a 
cross-flux principle. By this means, a 
characteristic is obtained in which the 
voltage of this cross-flux exciter is re- 
sponsive in a unique manner to the varia- 
tions of magnitude and polarity of the 
current in the ‘“‘loop”’ circuit, that is, the 
‘local circuit comprised by the armatures 
of the generator and hoist motor. At 
zero “loop” current the voltage of this 
exciter is at its maximum. At substan- 
tial increases of “‘loop”’ current, irrespec- 
tive of polarity, the voltage of this exciter 
decreases, and at the maximum overload 
values of the ‘‘loop” current the voltage 
closely approaches zero. The voltage 
generated by this exciter provides the 
excitation of the generator field and 
modifies the excitation of the motor field. 
By means of the generator and motor- 
excitation characteristics thus provided, 
characteristics of speed versus load are 
obtained of the kind illustrated later in 
the paper (Figures 6 to 9). 

The 9th and 12th requirements listed 
in the foregoing for the ideal crane hoist 
are met respectively by a simplified 


arrangement of an emergency dynamic-. 


braking resistor in the hoist-motor 
armature circuit and by an improvement 
in the control details of the magnet 
brake. These two features are not de- 
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pendent upon the cross-flux-exciter prin- 


ciple. They were, however, developed 
as contributions to the same project, 
namely, the attempt to achieve the al- 
most perfect crane-hoist drive. Because 
of lack of space, these features are not 
described. 


Construction of the Exciter 


Figure 3 illustrates diagrammatically 
the principles of construction of the 
cross-flux exciter in its basic form. Al- 
though multipolar machines are possible, 
the exciters built to date are bipolar, by 
which is meant that the armature-winding 
and commutator connections are those of 
a normal bipolar machine. Four pole 
pieces are provided. In Figure 3 the 
two upper pole pieces constitute one 
‘‘pole’’ insofar as relates to the generation 
of the output voltage. The two lower 
pole pieces constitute the other ‘‘pole.”’ 
For reasons which will appear, a degree 
of artificial saturation is introduced in 


the pole pieces, for example, by notches : 


in the sides of the pole pieces as indicated 
in Figure 3. In one design which has 
been used, all pole pieces are duplicate 
(ordinary manufacturing variations being 
entirely acceptable). In another design 
which has also been used, the dia- 
metrically opposite pole pieces P1 are 
duplicates, each having a high degree of 
artificial saturation; the diametrically 
opposite pole pieces P2 are duplicates 
but have a much less degree of artificial 
saturation. For the general explanation, 
let all pole pieces and their respective air 
gaps be considered duplicate. oat 
Each pole piece carries a shunt main- 
field winding separately excited from the 
constant-voltage main-excitation bus, 
also a cross-field winding consisting of a 
few turns of heavy conductor connected 
in series in the “loop” circuit, that is, in 
the main armature circuit of the Ward- 
Leonard system. Corresponding wind- 


IN “Loop” 
CIRCUIT 


Figure 3. Diagrammatic representation of con- 
struction of cross-flux exciter 
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Figure 4. Theoretical characteristic of cross 
flux exciter } 


ings ordinarily have equal numbers of 
turns upon all pole pieces. The polarit 
axis of the separately excited main fiel¢ 
is shown by arrow m—m in Figure 3 
Stated in another way, when the sok 
excitation is by this main field the twe 
upper pole pieces are of like polarity, fc 
example ‘‘north,’’ and the two low 
pole pieces are of like polarity, ‘south. 
The polarity axis of the heavy cross field i 
in quadrature to that of the main field, 
that is to say, if the sole excitation we 
that of the cross field, the two right 
hand pole pieces would be of the same 
polarity, for example “north” at the 
normal direction of “loop” current, ant 
the two left-hand pole pieces co 
spondingly would be of “‘south’’ polarity 
For the normal direction of “loop 
current, the polarity axis of the cros 
field is shown by arrow C-C. Asa rest 
of this arrangement of coil polarities, 
the normal direction of ‘loop’ curren 
the respective field windings are of add 
tive effect upon both pole pieces P1 bt 
are opposed upon both pole pieces P2, as 
indicated by the small arrows locate 
alongside the respective coils in Figure é 
The respective fluxes, although merge 
in parts of the magnet frame and 


_ture core, are separate in the pole piece 


air gaps, and armature teeth, in whic 

almost all of the reluctance occur 

hence for all practical purposes it is su 

stantially correct to consider the machine 
as having two independently saturabl 
flux paths, one along line P1—P1 
and the other along line P2— P2. 

To avoid a possible misunderstanding 
it should be noted that in Figure 3 
positions of the brushes as shown af 
diagrammatic only and represent th 
positions of the armature slot conducto 
at which they undergo commutation, 

Commutation does not present an 
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greater problem than in an ordinary 
machine. Commutating poles are pro- 
vided in accordance with usual practice. 
The commutation and characteristics 
are not sensitive to brush position, 
brush fit, or ordinary manufacturing 
variations. 


Characteristics of the Exciter 


In the circuit arrangement in which 
this exciter is used in the system, arma- 
ture reaction and armature JR drop of 
the exciter tend, if not offset, to be of 
_ more than negligible effect, but they 
can be compensated sufficiently to make 
them almost negligible; consequently 
the explanation of the operation of the 
cross-flux exciter can be based upon a 
study of the no-load saturation curves 
- of the respective flux paths. The upper 
part of Figure 4 represents the no-load 
saturation curve, not of the entire ma- 
chine but of each of the two duplicate 
and practically independent flux paths, 
Pi and P2, respectively. 

#71 represents the selected field strength 
of the separately excited main-field wind- 
ing which remains substantially constant 
throughout. When the current in the 
cross field is zero, each flux path of the 
exciter causes the generation of a voltage 
E,, and the total voltage generated is 
2E, plotted in the lower part of Figure 4 
at zero cross-field ampere turns. Now 
assume a cross-field strength of HA2. 
In flux path P1 the value of H2 is addi- 
tive to H1, hence the voltage generated 
in this flux path is now Z,. In flux path 
P2 the value of H2 is subtractive from 
H1; hence the voltage generated in this 
flux path is now #,. The total voltage 
generated is E,+, as. plotted in the 
lower part of Figure 4. Since saturation 
increases beyond point #, and decreases 
below £,, voltage E,+ E; is substantially 
less than 2E,. At a cross-field strength 
of 2H2 the further increment of voltage 
generated in path Pl is very small, but 
the decrement of voltage generated in 
_ path P2 is large—in fact the voltage of 
path P2 reverses. The corresponding 
total voltage E,+E, accordingly is much 
reduced. When the two magnetic cir- 
cuits are duplicate, and when the num- 
bers of turns of the respective wind- 
ings are equal upon all pole pieces, the 
negative voltage generated by path P2 
cannot become quite so great as the volt- 
age generated by path Pl; hence the 


total voltage of the exciter never reaches _ 


zero. When the polarity of the cross- 
field current is opposite to the foregoing, 
path P2 behaves as did path P1 in the 
foregoing and conversely. Hence the 
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Figure 5. Elementary diagram—circuit ar- 
rangement of Ward-Leonard system using 
cross-flux exciter 


characteristic of voltage generated versus : 


cross-field (that is “‘loop”’ circuit) current 
tends to repeat symmetrically about the 
left-hand side of the vertical axis in the 
lower part of Figure 4. If compensation 
for armature reaction is not provided, 
this characteristic shows a departure 
from symmetry about the two sides of 
the vertical axis. The dissymmetry 
caused by armature reaction may or may 
not be practically disadvantageous, ac- 
cording to the specific design and appli- 
cation. To date, a design of exciter 
having closely symmetrical character- 
istics about the vertical axis has not been 
built. In the first design the armature 
reaction was not compensated. In a 
later design of a larger exciter the arma- 
ture reaction was compensated, but a 
dissymmetry of characteristics was pur- 
posely introduced by means of unlike 
proportions of the respective flux paths. 
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Figure 6. Theoretical characteristics—genera- 
tor voltage and motor counter electromotive 
force of system of Figure 5 
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If a moderately greater value of sepa- 
rately excited field is held, represented by 
a higher value of Hj in Figure 4, a voltage 
characteristic is obtained of similar shape 
having higher voltages throughout, and 
conversely for a moderately smaller value 
of separately excited field. 

If the exciter of Figures 3 and 4 were 
only slightly saturated in each of its 
duplicate. flux paths at the maximum 
cross-field current, its minimum output 
voltage (although substantially less than 
maximum) would not be so low as de- 
sired; hence a high degree of saturation 
is provided. This is done most suitably 
by providing a restricted section in each 
pole piece, for example by notches which 
are deep and also relatively long radially. 

For reasons which will appear in the ex- 
planation of the system as a whole, it is 
usually important to offset or minimize 
the effect of IR drop of the exciter arma- 
ture. Although not strictly necessary, it 
is usually advantageous to compensate 
the exciter for its armature reaction. By 
itself compounding may be provided by 
turns about each pole piece connected in 
series with the exciter armature, having 
polarities coinciding with that of main 
axis m-m. Perfect compensation for 
armature reaction tends to require a wind- 
ing distributed over the pole ares. Prac- 
tically, however, a concentrated compen- 
sation provides all the benefit which is 
important. Such compensation can be 
provided by turns about each pole piece 
connected in series with the exciter arma- 
ture, having polarities in line with the 
cross axis C-C. Itmightseemthatfor both 
of these improvements two field windings 
must be added to those of Figure 3. 
Actually only one added winding is re- 
quired. Upon two pole pieces the polari- 
ties of the individual compounding and 
compensating windings would be alike, 
hence only one winding per pole piece is 
added having the sum of the turns indi- 
vidually required. Upon the other two 
pole pieces the polarities of the individual 
compounding and compensating windings 
would be opposed; hence only one wind- 
ing per pole piece is added having the 
polarity and number of turns correspond- 
ing to the difference of the individual re- 
quirements. 


Design and Arrangement of System 


The generator is of normal design. Its 
main field is wound with the maximum 
practicable cross section of copper in order 
to provide the desired high no-load volt- 
age with the least oversize of generator. 
Such a field winding provides a generator 
time constant which, in combination with 
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Figure 7. Characteristics from tests of de- 
velopmental sample equipment 


the circuit arrangement and cross-flux- 

exciter characteristics, limits the peak 

currents to values which are suitable for 

the electric equipment and the hoist sys- 
tem. ; 

The generator, cross-flux exciter, and 
an ordinary constant-voltage exciter are 
driven by an induction motor, or if pre- 
ferred for a sufficient reason by a syn- 
chronous motor ora d-c motor. Anengine 
drive tends to be an improper choice, since 
the engine is unable to reconvert the 
energy regenerated by a descending load 
and hence is unable to restrain the speed 
of a descending load. 

The hoist motor has a nonstandard 
main-field winding for a variable separate 
excitation but in other respects is of the 
type which is standard for high-class 
crane-hoist installations. 

If it were intended to use the cross-flux 
exciter solely to furnish a generator excita- 
tion of the desired characteristics, it 
would be appropriate to consider an ar- 
rangement which connected the generator 
field directly to the armature of the cross- 
flux exciter, whereupon the hoist could be 
reversed and controlled by reversing and 
controlling the strength of the separately 
excited main field of this exciter. How- 

ever, another important function of the 
cross-flux exciter is to provide an advan- 
tageous variation of the hoist-motor ex- 
citation. In order that one cross-flux 
exciter shall serve both of these purposes 
(by virtue of the unusual circuit arrange- 
ment used), it is necessary that the main- 
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‘field excitation of this exciter be main- 


tained nonreversible and at a substantial 
value which is not far from constant. Ac- 
cordingly, a conventional reversing control 
is provided between the exciter armature 
and the generator field, as indicated in the 
elementary diagram of Figure 5. ; 
In order to provide the desired varia- 


tion of the hoist-motor field, the cross-flux . 


exciter is designed for a maximum voltage 
substantially less than that of the con- 
stant-voltage main-excitation bus. One 
terminal of the cross-flux exciter, negative 
as shown in Figure 5, is connected per- 
manently to the main-excitation bus 
terminal of like (that is negative) polarity, 
Thus between the positive terminals of 


these two sources of excitation a variable | 


voltage is available which is the difference 
of the two voltages. The hoist-motor field 
is connected permanently between these 
two terminals. The excitation voltage 
thus made available may be visualized by 
referring to Figure 4 and considering the 
ordinate between the lower and the upper 
base lines as the main-excitation bus 
voltage. Thereupon the height of ordi- 
nate from the curve ‘‘volts total’’ upward 
to the upper base line represents the volt- 
age applied to the hoist-motor field. 
Thus the hoist-motor field is weakest 
when the “loop’’ current is substantially 
zero, which occurs when the empty hook 
is being hoisted and lowered and when the 
motor is at standstill at the ‘‘off’”’ position 
of the controller. As the “loop” current 
increases, the decrease of the cross-flux- 
exciter voltage causes an increase in the 
motor-field strength. | Normal _ field 
strength occurs at approximately rated 
armature current of the hoist motor. 
Typically the minimum field current is ap- 
proximately 60 per cent of normal, and the 
maximum is approximately 11/2 normal. 

This scheme of motor-field excitation 
provides three benefits: 


1. Most important: an ample margin of 
torque stability is provided at all loads, 
both steady-state and transient. 


2. A maximum speed of the empty hook is 
obtained which is moderately greater than 
that corresponding to the maximum no-load 
voltage of the generator. 


3. Without any complication of contactors, 
relays, or the like in the motor-field circuit, 
the motor field continues strong at the 
“off”? position of the controller during a 


retardation but is reduced to a value moder- | 


ately less than normal while the hoist con- 
tinues to stand at rest at the “‘off” position. 


- Because the cross-flux exciter is used for 


two purposes, its armature current is the 


difference of the generator-field and motor- 


field currents. Thus at zero “loop” cur- 
rent the exciter armature current is at its 


Whiting—Electric Hoist Drive 


effective voltage of the exciter by a more 


_ of the IR drop of the “loop” circuit and 


- motor-field variation. When the genera- 
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maximum value as output. At ra 
“loop” current the generator-field curr 
and motor-field current are nearly eq 
hence the exciter armature current is ne 
far from zero. At maximum “‘loop” cur- 
rent, when the exciter voltage is low ac- 
cordingly, most of the hoist-motor field 
current becomes input into the exciter 
which accordingly acts regeneratively. 
The uncorrected effect of armature IR 


7 


drop would be to decrease the maximum 


by a large percentage over the desired low 
value. It is principally for these reasons 


characteristics provided by these addi- 
tions were not of sufficient importance t 
justify their inclusion in typical equip- 
ments. For this reason and because of 
space limitations these features are not de- 
scribed. 


Speed-Torque Characteristics 


The characteristics of the system are 
determined principally by the manner in 
which the generator voltage varies, sub- 
ject, however, to the modifying effect 


the additional modifying effect of the 
tor field is excited and controlled as 


described, the characteristics of generator 
voltage and of motor counter electro- 


0 40 60 120 160 200 240 280 
PER CENT OF RATED HOOK LOAD 

Figure 8. Calculated characteristics expressed 

as load on hook, from tests as in Figure 7 
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motive force with respect to ‘‘loop” 
current will resemble those of Figure 6, in 
which the curves of generator voltage 
fepresent not terminal voltage but volt- 
age generated within the generator. In 
the upper right-hand quadrant, represent- 
ing the hoisting of loads, the effect of 
“loop” circuit IR drop is subtractive from 
that of the generator voltage, but in the 
lower right-hand quadrant, representing 
the regenerative lowering of loads, this 
IR drop is additive. Hence the curves 
of motor counter electromotive force 
are not symmetrical in the hoisting and 
lowering direction, and upon any lower- 
ing position of the controller a stalled 
condition never occurs at any load, how- 
ever large. If the hoist motor field were 
constant, the curves of motor counter 
electromotive force in Figure 6 would 
represent also the speed of the hoist 
motor. The effect of the variable motor 
field upon the speed-torque curves is to 
increase moderately the hoisting and 
lowering speeds at loads less than normal 
and to decrease slightly the speeds at 
overloads. 

Figure 7 shows a set of speed-load 
characteristics from factory tests of the 
first equipment of this type. This equip- 

“ment was a developmental sample for 
which only the cross-flux exciter, the 
control equipment, the brake magnet 
coil, and the hoist-motor-field winding 
were made for the purpose, the remainder 
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of the equipment being borrowed from 


stock. The loading arrangement pro- 


vided a “‘live” counter torque, produced 
electrically and adjustable over a wide 
tange, which provided an authentic 
simulation of the various loads upon a 
hoisting hook. In accordance with 
typical crane practice five speed-control 
positions were provided in each direc- 
tion. The characteristics shown by 
curves 1H to 5H and 1L to 5L drawn in 
solid lines were obtained when using the 
optional features mentioned. The sim- 
pler arrangement, omitting the op- 
tional features, provided the character- 
istics shown in dot—dash lines, labeled 
“alternative.”” The corresponding ‘‘al- 
ternative” characteristic for slowest hoist- 
ing was almost identical with the curve 
1H shown. From the test data the 
characteristics of speed versus load on 


the hook were calculated for the slowest 
and fastest speeds, as shown in Figure 8. 
These characteristics were calculated on 
the basis of an assumed mechanical 
efficiency of 87 per cent. In the author’s 
opinion the ‘‘alternative” characteristics 
shown by the dot-dash lines are to be 
preferred. 

The characteristics shown in Figure 7 
and Figure 8 are considered to be particu- 
larly suitable for cranes in steel plants 


- and heavy machine shops, subject to the 


possible exception that the highest-speed 
lowering characteristics there shown may 
be faster than considered desirable. It 
is a simple matter to readjust so as to 
reduce the speeds of the fastest lowering 
characteristic and to redistribute the 
intermediate characteristics accordingly. 


The speed-torque characteristics upon 
the lowest-speed lowering position, curves 
1Z in Figure 7 and Figure 8 show a 
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moderately higher speed when lowering 
rated load or overloads than when lower- 
ing the empty hook; hence they do not 
meet completely the sixth item in the 
list of ideal characteristics. However, 
these speed characteristics are su- 
perior in this respect to the character- 
istics 1L in Figures 1 and 2, which rep- 
resent approximately the best of the 
standard practice heretofore. By im- 
provements in design it is not difficult 
to make a further improvement over the 
characteristic 1Z of Figure 7 without de- 
tracting from any other characteristics. 
This has been proved in the larger equip- 
ment of later design whose character- 
istics are shown in Figure 9. 

With the possible exception of an 
extraordinary combination of conditions 
a crane is never called upon to lower a 
hook load greater than that which it is 


Figure 10. Fontana Dam construction trestle 
equipped with two cantilever gantry cranes 


- for handling four-cubic-yard concreting buck- 


ets, provided with variable-voltage hoist con- 

trol using Whiting cross-flux exciter system 

and variable-voltage rack motion with floating- 
flywheel exciter 


capable of picking up and hoisting. How- 
ever, in the factory tests of the develop- 
mental sample electric “‘live” loads were 
applied equivalent to hook loads sub- 
stantially greater than any which could 
be lifted, as shown in Figure 8. At such 
excessive loads curves 1Z show increases 
in speed. These, however, do not in- 
volve ‘any tendency toward instability 
but are merely the result of increased [R 
drop of the “oop” circuit throughout 
the excessive overloads at which the 
generator voltage is at a nearly constant 
minimum. Throughout the entire over- 
load range the hoist-motor excitation 
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increases until at maximum overloads 
including those which are impossible in 
practice the motor is highly saturated, 
and hence in a very stable condition. 

A large installation comprises two high- 
speed high-lift cranes used in the con- 
struction of a dam on the Little Tennes- 
see River at Fontana, N. C. Although 
these cranes are very different from a 
typical steel-mill or heavy factory crane, 
the ideal characteristics enumerated in 
the introduction are especially desirable 
in this application. Because of the unu- 
sual character of these cranes certain 
additional requirements are imposed upon 
the speed-load characteristics of the 
hoist. Accordingly the electric equip- 
ment for the hoist was designed in accord- 
ance with the same principles but with 
certain changes in proportions and one 
additional feature. 

These cranes are of a type sometimes 
called “‘hammerhead’”’ but more aptly 
named cantilever gantry cranes. They 
have a maximum lift of 295 feet and at 
the extreme outward travel of the rack 
(that is trolley) motion the overhang of 
the hoisting hook at the end of either 
cantilever is 128 feet beyond the support- 
ing tower. The hoist drive of each crane 
_ has a rms rating of 187 horsepower. 
These cranes are used at times for roust- 
about work, but their principal duty is 
the ‘‘pouring’’ of concrete. 

During the earlier part of the construc- 
tion schedule the crane picks up a bucket 
of freshly mixed concrete from a railroad 
car running between the legs of the crane 
tower, hoists the bucket sufficiently to 
clear the side rails, racks out the bucket 
to the required distance, and lowers it to 
the upper surface of the “‘block” being 
poured. When the bucket has been 
dumped, it is hoisted, racked in, and 


landed on the car. When the dam reaches 


nearly its maximum height, the loaded 
bucket will be lifted from the car a maxi- 
mum of about 50 feet, and, after racking 
out, dumping and racking in, the empty 
bucket will be lowered to land on the car. 

The purchase specification required 
that the speed of hoisting the loaded 
bucket be a relatively high percentage of 
the speed of hoisting the empty bucket 
but required also protection against an 
excessive overturning moment. Although 
the loaded bucket at its maximum over- 
hang is entirely incapable of overturning 
the crane, it is possible when the crane is 
engaged in roustabout work that a hoist- 
ing hitch may be taken about an ex- 
cessively heavy piece or an immovable 
object. Under the latter circumstances 
it is imperative that the hoisting effort 
shall be self-limiting to a value sub- 
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stantially less than the overturning mo- 
ment of the crane. 

In order to meet these requirements 
and at the same time retain the various 
other desirable characteristics, a cross- 
flux exciter was designed in which the 
two flux paths were purposely dis- 
similar whereby a set of speed-load curves 
was obtained as shown in Figure 9 based 
upon tests of the installation. In order to 
limit the stalled torque of the hoist motor 
to a value only moderately greater than 
its value for hoisting the maximum load 
in regular service, a simple addition was 
devised which causes the characteristics 
of the cross-flux exciter to break abruptly 
from the normal characteristic for which 


it is adjusted and at higher values of | 


“loop” current to provide the stalling 
characteristic shown in Figure 9 by the 
broken lines S—S. 

In addition to its adaptation to the 
special requirements just mentioned, the 
characteristics of this equipment provide 
two improvements over those of the de- 
velopmental sample. 
hoisting characteristic, curve 1H, is 
flatter. The first-speed lowering char- 


‘acteristic, curve 1L, goes all the way in 


meeting the seventh item in the list of 
ideal characteristics “. . . that the lower- 
ing speed be Jess at heavy loads than at 
partial loads or empty hook.” 


Transient Characteristics 


As was predicted when the system was 
first devised on paper, the superior steady- 
state characteristics and the means by 


which these characteristics are obtained © 


contribute to the creation of favorable 
transient operating characteristics during 
the course of ordinary accelerations, re- 
tardations, and reversals, and during 
emergency stops, Because the maximum 
speed when lowering a heavy load is 
much less than when lowering a light load 
or the empty hook, the kinetic stored 
energy of the hoisting system is in- 
herently reduced whenever increased 
hook loads are being lowered. Under 
these conditions the generator-field cur- 
rent is also much less than maximum; 
hence at a quick movement of the con- 
troller from full speed to the ‘‘off” posi- 
tion (or to a hoisting position) the initial 
rate of decay of generator field is much 
less than maximum. At the heavier loads 
the motor field is strong, and an increase 
of “loop” current for the retardation 
causes a further increase of motor-field 


current. From the combination of these 


phenomena it comes about that the re- 
tardation of heavy descending load re- 
quires a “loop” current only moder- 
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The first-speed — 


_ scribed in this paper is not to be con-— 


ately sete ao that of the speed fro: 
which the retardation is begun and o 1 
a little greater than that for retarding the 
empty hook from its maximum speed. 

This combination of phenomena i 
similarly and equally beneficial with re- 
spect to the retardation and stop under 
emergency conditions such as failure of 
incoming power. It has been observed 
that when maximum load is being lowered 
at its. maximum speed an emergency st 
requires only slightly more current from 
the hoist motor than is required for the 
corresponding emergency stop of the 
empty hook and little more than for a 
normal retardation at the maximum rate, 


Conclusion 


The hoisting-machinery art includes 
many different types of equipment for 
widely different applications. Some of 
these types of hoist have relatively un- 
exacting requirements which are met 
acceptably by various simple systems of 
electric drive. Several systems of electric 
hoist drives have been developed, eac 
of which has certain specialized modifica- 
tions which are particularly advantageous 
for certain exacting applications but 
which are irrelevant or disadvantageous 
for certain other hoisting applications 
whose requirements are equally exacting 
but different. The electric system de- 


sidered as preferable or even applicable for ] 
every important type of hoist, but it 
is intended for use in several types of 
hoist in which, notwithstanding certain 
substantial differences of design and use, 
the speed-torque requirements are simi-— 
lar. - 

No installations have yet been made 
in large heavy-duty indoor cranes such 
as are typical of steel plants and heavy — 
machine shops. However, the results 
first demonstrated by the developmental — 
sample and confirmed in practice by the 
Fontana Dam installation indicate the - 
suitability and advantages of the system 
for heavy-duty indoor cranes. It seems 
reasonable to expect that with further 
experience and additional study of de- 
tails and refinements the field of applica- 
tion will be broadened further. 
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Synopsis: The mechanical power delivered 
by the motors of electrically propelled 
vehicles is almost always transmitted 
through gears to axles. The few exceptions 
are some gearless electric locomotives de- 
signed many years ago. Although the top 
speeds of vehicles and locomotives have 
increased materially since the inception of 
electric drive, the very nature of the service 
requires high tractive efforts in statting 
from standstill and at low speeds. In the 
case of transit vehicles, frequent stops re- 
quire operation at relatively low speeds a 
large percentage of the time. 

The history of traction-motor design dis- 
closes a trend toward higher and higher 
motor speeds. These higher speeds have 
resulted in reduced motor weight and space 
tequirements, which are two most important 
considerations in traction apparatus. In 
order to use motors of higher speed eco- 
momically, greater gear reductions are 
required. As developments in gear design, 
gear materials, and heat treatments pro- 
gressed, greater gear reductions became 
practicable, and the higher-speed motors 
Modern double- 
‘reduction gear units and hypoid gears per- 
mit greater gear reductions and, hence, 
higher motor speeds than the single-reduc- 
tion spur gears which were once employed 
in all traction applications. 


The reductions in weight and size of 
_ traction motors are not only advantageous 


_ Paper 44-26, recommended by the AIEE com- _ 


- 


in themselves, but they permit features in 
vehicle construction which add to the 
comfort and convenience of passengers and 
to over-all economy of operation. This 
paper discusses some of the elementary 


considerations of gear design and includes 


a specific example of the effect of change in 
gear ratio on traction motors. 


/ 


HE electric motor is extremely well 

adapted to high-speed operation. 
The higher the speed at which it can be 
operated, within limits, the lighter and 
more compact the motor. The wheel 
speeds of electrically propelled vehicles 
and locomotives are quite low by com- 
parison, because they have to start from 
zero speed at frequent intervals, and even 
at top vehicle speeds the wheel speed is 
still too low for economical gearless motor 
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design. As a result, practically all pro- 
pulsion motors are geared to the axles, the 
gear reduction serving the usual two-fold 
purpose of reducing the speed and multi- 
plying the torque. As improvements in 
gear materials, heat treatments, and 
designs have made greater reductions 
practicable, it has been possible to utilize 
economically motors of higher speed. 


Streetcar motors serve as a good example’ 


of this trend, because they were the earli- 
est traction motors, and continued prog- 
ress has been required to keep streetcars 
competitive with other forms of transpor- 
tation. 


Early Motor Designs 


All early traction motors were sup- 
ported at one side by bearings on the 
axle and on the other by a connection to 
the car or locomotive truck. The dis- 
tance between the center of the pinion, 
mounted on the motor shaft and the cen- 
ter of the gear, mounted on the axle was 
fixed for each motor frame. This gear- 
center distance is SA in Figure 1A. This 
distance is divided into two parts, SB and 
BA, so selected that BA divided by SB 
gives the speed reduction desired. The 
two circles shown with A and S as centers 
are known as pitch circles of the gear and 
pinion, respectively. The gear teeth are 
laid out around these circles. 

Let us assume that the gear-center dis- 
tance of a particular motor was 14 inches 
and the diametral pitch of the gears three. 
The total number of teeth in gear and 
pinion was 3X2X14=84. The values 
selected are typical of the gears used on 
40- and 50-horsepower 500-volt streetcar 
motors 35 to 40 years ago. At that time 
a 15-tooth three-diametral-pitch pinion 
was the smallest in general use, because 
a smaller pinion did not have sufficient 
strength between the root of the tooth 
and the bore, or at the keyway, with the 
best material available at that time. 

In the example selected there must be 
84—15=69 teeth in the gear. The diame- 
ter over the ends of the gear teeth was 
(69+-2)/3=23.67 inches. With new 
wheels a clearance of four inches between 
top of rail and bottom of gear case was 
considered essential to avoid hitting the 
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gear case on obstructions in the street. 
The outside diameter of the gear case was 
approximately one inch greater than the 
diameter over the ends of the gear teeth 
to allow for clearance in the gear case and 
thickness of the gear case. Therefore, the 
diameter of the new wheel could not be 
less than 23.67-+-1+8= 32.67 inches, and 
33-inch wheels were in common use. 
They were worn to a minimum diameter 
of 30 inches; thus, the clearance under 
the gear case was reduced by 1.5 inches. 
The limitations of pinion and gear de- 
sign made gear reductions of 4.6:1 general 
and 33-inch wheels a standard for city 
cars. 

The streetcars of this period weighed 
50,000 pounds and were propelled by four 


~40- or 50-horsepower 500-volt motors, 


depending to a great extent on the grade — 
conditions of the city in which they were 
operated. The clearance between the top 
and the rail and the bottom of the motor 
frame, with 33-inch wheels, was also ap- 
proximately four inches. The 40-horse- 
power motor weighed 2,800 pounds, com- 
plete with gear and gear case, and 2,400 
pounds without gear and gear case. The 
maximum safe speed of the motor was 
1,900 rpm, which resulted in peripheral 
speeds of 7,000 feet per minute of the ar- 
mature and 5,100 feet per minute of the 
commutator. 

There was not much change in motor 
speeds for a number of. years, although 
progress was made along other lines. 
Motors with commutating poles became 
standard, and ratings were based on 600 
volts with a resulting increase in horse- 
power of 20 per cent. Bearings and 
shafts were improved. Better gear mate- 
rials were used, and heat treating became 
general. Progress was made in insulating 
materials. During this period the trac- 
tion motor progressed from the state 
where normal life of pinions, bearings, 
windings, brushes, and commutators was 
short to where life of these parts was in- 
creased several times. 


New Motor Designs and 
Low-Floor Cars 


The year 1912 marked a traction-motor 
and streetcar development which radi- 
cally changed the appearance of streetcars 
and the ease with which passengers could 
board and alight from them. The Pitts- 
burgh Railways Company designed a car 
with 24-inch wheels and correspondingly 
low-car floors. The car seated 55 passen- 
gers, and its weight was only 34,000 
pounds. Four 35-horsepower 600-volt 
motors were adequate for even the severe 
grade and traffic conditions of Pittsburgh. 
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The design of a motor for 24-inch wheels 
was an undertaking of considerable mag- 
nitude at that time. The motor de- 
veloped was known as the Westinghouse 
type 328. It was self-ventilated by means 
_ of a fan on the armature shaft, and in the 
original design the coils were ‘“‘bakelized.”’ 
Gears of 3.5 diametral pitch were used, 
and the face of the gears was four inches 
instead of five inches, as used previously. 
The use of the 3'/,-pitch gears made it 
possible to get the required reduction in 
the space available. Because of progress 
in gear construction, these gears proved 
entirely satisfactory. The clearance 
under the motor frame was 3!/, inches 


A. Motor with single-reduction gears 


Sais = 


| 
A BS 8S 
B. Motor with double-reduction gears 


Figure 1 


and under the gear case three inches. 
This sacrifice of one-inch clearance meant 
that, for parallel street conditions, the 
wheels could not be worn to the same ex- 
tent as on the older cars. Actually, the 
24-inch wheels were later superseded as 
standard by 26-inch wheels, thus increas- 
ing clearances one inch. 

The gear-center distance of the new 
motor was 10.43 inches, making a total 
of 73 teeth. A 15-tooth 3.5-pitch pinion 
was the minimum permissible. The maxi- 
mum reduction-gear ratio was 58:15 or 
3.87:1, but this gear reduction with 24- 
inch wheels is equivalent to a reduction of 
5:32:1 with 33-inch wheels. 

The maximum safe armature speed of 


the motor was 2,600 rpm. At this speed 


the peripheral speed of the armature was 
6,800 feet per minute and of the commu- 
tator 5,800 feet per minute. While the 
maximum safe speed of the armature was 
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raised 37 per cent, the peripheral speed 
of the armature was held essentially the 
same by reducing the diameter, and the 
peripheral speed of the commutator was 
increased only 14 per cent. The motor 
complete with gear and gear case weighed 
1,680 pounds or a reduction of 40 per cent 
compared with the 50-horsepower 500- 
volt (60-horsepower 600 volts) motor 
used on the heavier cars. The total 
weight saving, due to the four lighter 
motors, was 4,480 pounds. The saving, 
due to using 24-inch instead of 33-inch 
wheels and the resulting lighter truck 
structure, was 4,000 pounds. Other 
weight economy was effected in the car 
body. 

For the next 15 years street-railway 
motor design followed the trail blazed by 
this first motor suitable for low-floor cars. 
In a few years ventilated motors suitable 
for 26-inch wheels were available in 25-, 
40-, and 50-horsepower sizes. A gear re- 
duction of 5.7:1 was used on 25-horse- 
power motors, gears of 4!/, diametral 
pitch being employed. Again, there wasa 
period of perfecting of details and con- 
solidation of advances. ; 

One of the latest axle-hung motors 


Table |. Comparison of Traction Motors 


Separate Gear Units 


In 1927 a radical change in method 
transmitting motor torque to the str 
car axles was tried experimenta 
Worm gears were used. The time 
cored axle-hung motor, sleeve beari 
grease-lubricated spur gears and spli 
case was a crude noisy arrangement by 
‘private automobile standards. It a 
function successfully. Two cars were 
constructed using worm-drive axles, in- 
cluding differential gears, which were ai 
outgrowth of bus and truck axles. 
lubricated gears in a dirt-tight case we 
employed. The gears were silent. Gear 
ratios of 10:1 were available. The separ 
tion of the gear unit from the motor : 
moved the restriction of gear center di 
tance as a determining factor in gear 
ratio and allowed the most economics 
motor speed to be selected. 

On the first experimental cars hi 
speed motors; developed primarily 
gas-electric bus service, were applied. 
These motors were soon superseded by a 
high-speed railway motor specifically de- 
veloped for the service. This motor “a 
35 horsepower and had a maximum safe 
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developed had a one-hour rating of 50 
horsepower at 1,000 rpm. It weighed 
1,940 pounds without gear and gear case 
and 2,185 pounds with gear and gear 
case. It had a gear reduction of 53:14 or 
3.78:1 when gears of three diametral 
pitch were used. The maximum safe 
speed of armature was 3,000 rpm. The 
corresponding peripheral speed of the 
armature was 8,650 feet per minute and 
of the commutator 7,060. The car speed 
corresponding to 3,000 armature rpm was 
61 miles per hour. While the peripheral 
speeds were raised at the maximum safe 
armature speed, the corresponding car 
speed was so high that it was rarely, if 
ever, reached in urban service. 
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armature speed of 5,000rpm. The maxi 
mum armature peripheral speed was 
11,100 feet per minute, and the maximu 
cominutator peripheral speed was 9,50 
feet per minute. The motor weight was 
570 pounds. Since the motors were en 
tirely spring suspended, lighter-weight 
construction was more practicable than i 
was in former designs, where they wert 
subjected directly to all the impacts of the 
wheels on rail irregularities. The worm 
‘drive axles proved to be unsatisfactory 
in railway service, but they hastened th 
development of much-higher-speed mo 
tors than were previously used and othe 
forms of gear drive which have prove 
satisfactory. 
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Car A. 48,000 pounds empty, 
6,000 pounds passenger load, 


motors, 69:15 gear ratio, 33 
inches wheel diameter 


BNR 


ay 


i 
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6,000 pounds passenger load, 

four 50-horsepower 600-volt 

motors, 53:14 gear ratio, 26 
inches wheel diameter 


Car C. 33,000 pounds empty, 


SECONDS 


Figure 2. Speed-time curves 


The application of worm drive to 
streetcars was followed very quickly by 
the development of a double-reduction 
and a single-reduction self-contained gear 
unit which possessed most of the advan- 
tages of the worm drive. When the gear 
teeth were ground, the accuracy of tooth 
contact wasimproved. Antifriction bear- 
ings maintained gear-center distances 
accurately. As a result, the gear noise 
was reduced so greatly that the average 
passenger was not conscious of it. Also, 
gears of higher diametral pitch were used 
successfully. The double-reduction unit 
employed high-speed gears of 4'/2 diame- 
tral pitch and the low-speed gears four. 
Phenomenally, long gear and bearing life 
was obtained. The spur gear units were 
more efficient than the worm drive. 

The double-reduction drive permitted 
the use of wheels having a diameter of 
22 inches with 4.5 inches clearance under 
the gear case. Figure 1B illustrates the 
double-reduction gear arrangement. The 
maximum gear reduction was 9:1, al- 
though most applications were made with 
less reduction in order to obtain the higher 
car speeds which were coming into gen- 
eral use. The single-reduction drive pro- 
vided a maximum reduction of 7:1 and 
required 26-inch wheels to give 3/, inches 
clearance between top of rail and bot- 
tom of gear unit. 


Presidents’ Conference 
Committee Car 


Just at the time that these drives were 
proving their worth in service, the Electric 
Railways Presidents’ Conference Com- 
mittee was engaged in designing a com- 


Table Il 
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6,000 pounds passenger load, 

four 55-horsepower 600-volt 

motors, 7.17:1 gear ratio, 25 
inches wheel diameter 


pletely new streetcar. New standards of 
performance in rates and smoothness of 
acceleration and braking, speed, passen- 
ger comfort, heating, ventilation, and 
lighting were established. Entirely new 
car body and car trucks, including rub- 
ber-cushioned wheels, were developed. 
A right-angle drive (motor shaft at right 
angles to axle) was selected, because it 
was better fitted to the truck design, was 
believed to be inherently quieter than the 
double-reduction spur gears, and was less 
expensive. The drive selected consisted 
of hypoid gears with 7.17:1 reduction. 
Antifriction bearings and oil lubrication 
were used. This drive embodied the ad- 


‘vances of automotive-gearing design and 


has operated most successfully. 

The new standards of performance re- 
quired the design of a new motor having 
a one-hour rating of 55 horsepower. The 
four motors not only propel the car but 
do most of the braking dynamically. The 
dynamic braking is supplemented by 
electrically operated track brakes and 
air-operated brakes on the car wheels or 


Woods—Gear Ratio 


four 40-horsepower 500-volt: 


Car B. 38,800 pounds empty, » 


20 40 60 80 100 =: 120 
SECONDS 


Figure 3. Distance—time curves 
Cars A, B, and C as in Figure 2 


Table Ill 
Schedule Kilowatt- 
Speed Hours Root Mean 
(Miles Per Per Coach Square 
Gear Ratio Hour) Mile Amperes 
DEB Te dares «inl De ciate ice VO DA Py 156 
Ti Alec TBD se ccc DAs cca ae 131 


electrically operated drum brakes on the 
armature shaft. The energy dissipated 
in the accelerating and braking resistors 
is used for heating the car during cold 
weather, 

The new motor weighs 700 pounds and 
has a maximum safe speed of 5,000 rpm. 
At 5,000 rpm the peripheral speed of the 
armature is 12,100 feet per minute and 
of the commutator 9,300. The corre- 
sponding maximum car speed is 52 miles 
per hour. Wheels of 25-inch diameter are 
used. The clearance under the gear 
housing is 41/, inches. The motors are 
completely spring-born, and, therefore, 
their height above the rail varies some- 
what with passenger load. Normally, it 
is six inches. 

For convenience of comparison Table 
I shows the principal characteristics of 
the various motors which have been dis- 
cussed. They are typical of the street- 
car motors used at various times in the 
past 40 years. Worthy of note are the 
increase in total reduction, the consistent 
increase in maximum safe speed, and in 
armature and commutator peripheral 
speeds. Although these changes did not 
accompany improvements in gearing step 
by step, they were in large measure the 
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STOPS PER MILE 
Figure 4. Operating-characteristic curves 


Cars A, B, and C as in Figure 2 
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Figure. 5. Speed-time curves 


11.4:1 gear ratios 


MILES PER HOUR 


[o) 40 
SECONDS 


result of gradual gear evolution. Cast 
iron and malleable iron were superseded 
by cast steel, forged steel, and alloy steels. 
The 141/,-degree involute tooth form was 
superseded by 20 degrees involute, thus 
increasing strength. Long and short ad- 
dendum pinions and gears were adopted 
with resulting greater pinion strength 
and more metal between root of tooth 
and pinion bore. Therefore, smaller 
pinions can be used. Water quenching, 
oil quenching, case hardening, and flame 
hardening were introduced. 

Figure 2 shows the comparative speed 
attained in a given time by three types of 
cars. Car A is one typical of those in use 
40 years ago. Car B represents the best 
type of car with axle-hung motors, avail- 
able in the late 1920’s. Car Cis the mod- 
ern PCC car. To attain a speed of 25 
miles per hour requires 48 seconds for car 
A, 16 seconds for car B, and 10 seconds for 
car C. 

Figure 3 shows the distance covered by 
each car for various moving times. A 
distance of 1,000 feet is traversed in 39 
seconds by car A, 31 seconds by car B, and 
27.5 seconds by car C- ; 

Figure 4 shows the schedule speed in 
miles per hour and the energy consump- 
tion in kilowatt-hours per car-mile for 
various stops per mile between 3 and 12. 
The comparison at eight stops per mile 
is shown in Table II. 

It should be understood that these 
values are theoretical, and, that, in ac- 
tual practice both schedule speeds and 
energy consumption are lower for all 
three cars than calculated. Although 
the energy consumption of car C is rela- 
tively high, it affords a superior service 
which requires more power. High-sched- 
ule speeds not only appeal to the pa- 
trons, but the wages of car operators per 
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car-mile vary inversely, as schedule speed 
and operators’ wages are the principal 
item of operating expense. 


Trolley-Coach Performance 


The trolley coach is selected as the 
means of illustrating the effect of gear 
ratio on traction-motor performance for 
a given set of conditions. Modern 
streetcars are standardized to such ex- 
tent that the same gear ratio is used in 
all applications. Various gear ratios are 
applied on trolley coaches. Figure 5 
shows the comparative speeds of a typical 
trolley coach with gear ratios of 9.2: 1 and 
11.4:1. Trolley-coach gear ratios are 


greater than streetcar ratios, because 


the rubber-tired wheels have an effective 
diameter of 40 to 43 inches instead of 25. 

Figure 6 shows the schedule speed and 
energy consumption for a typical trolley 
coach with each gear ratio. Not only are 
schedule speed and energy consumption 
increased by decreased gear reduction, but 
also motor rms current is increased. At 
six stops per mile the comparison is as 
indicated in Table III. The percentage 
increase in schedule speed is small com- 
pared with the increase in energy con- 
sumption and rms current. 


Conclusion 


It is apparent that great progress has 
been made in the performance of vehicles 


on the street as the direct result of prog- 


tess in motor and gear design. There 
has been equally great progress made in 
car design as a result of less space and 
weight required for motors. When wheel 
diameters are reduced from 33 inches to 
25 inches, car floor height is reduced a 
corresponding amount. This results in 
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STOPS PER MILE 
Figure 6. Operating-characteristic curves 


Trolley coach with 9.2:1 and 11.4:1 gear 
ratios 

¥ 

one less step, which, in turn, means 
greater safety, less boarding and alighting 
time, shorter stops, and, hence, higher 
schedule speeds. ’ 
All are familiar with the outward 
changes in streetcars and trolley coaches. 
Unfortunately, too many examples of old 
street cars are in evidence for one to for- 
get their outstanding characteristics. 
The more pleasing appearance, smoother 
and quieter operation, and better vetl- 
tilation and heating in new streetcars are 
indirect results of progress in motor de. 
sign. : 
Higher motor speeds broaehe with 
them improved commutator and arma- 
ture construction and dynamic balancing 
Better insulating materials, notably the 
general use of class-B instead of class-A 
insulation, and more effective ventilation 
have made important contributions to re 
duced size and weight. Greater gear re 
duction has been essential to the eco 
nomic application of these higher-speet 
motors. , 
| 
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The Effect of Kilovar Supply on the 
Design of Systems for Load Growth 


T. W. SCHROEDER 


ASSOCIATE AIEE 


WHE benefits that can be obtained by 
the use of shunt capacitors in electric 
power systems have been discussed many 
times in the technical literature. Their 
ability to improve voltage and power fac- 
tor in the distribution areas, thereby re- 
ducing losses and postponing the need for 
additional circuit capacity by reducing 
loading on existing equipment, has been 
used many times where the economics 
have justified such use. 

Again, other discussions have shown 
that the greatest use of a given total 
system investment may be obtained when 
the basic kilovar requirements are sup- 
plied near the load by either capacitors or 
condensers. It is the purpose of the pres- 
ent paper to combine these two major 
thoughts by investigating the place of the 
capacitor in providing for load growth ona 
‘specific system. This approach will give 
some indication of the economics and the 
benefits to be gained on an over-all sys- 


tem basis, which in the final analysis is. 


the most logical view to take. 
In many cases kilovar supply by capaci- 
_ tors, for a single purpose, such as voltage 
improvement, reduction in transformer, 
line or cable loading, may not be justi- 
fied, as other means may permit a lower 
first cost (as will be shown), but when 
these effects are viewed jointly and evalu- 
ated on a system-wide basis, a different 
conclusion may result. 


Basis of Analysis 


To permit a study of the possibilities of 
capacitors as a stepping stone in system 
growth, a type of power system using 
‘modern design principles was assumed. 
Although a synthetic system, electrical 
details of the circuits were worked out 
from the residential customer entrance 
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and commercial and industrial customer . 


transformer secondary circuits back to 
the generating plant. This was called the 
present system. Then each portion of 
the system was redesigned to enable it to 
carry a load increase which would be ob- 
tained at some future time, the new load 
and system being designated as future. 
The kilowatt portion of the load increase 
viewed at the generating plants amounted 
to 67 per cent, although this percentage 
varied somewhat for each individual por- 
tion of the system. The necessary design 
changes made in the present system to 
derive the future system capable of carry- 
ing the increased loads, were made to 
each of the various parts in two ways: 


1. By replacing present conductors, trans- 
formers, and regulators with larger ones, or 
adding to such equipment. 


2. By supplying part of the future load 
kilovars by capacitors, thus reducing the 
extent to which other equipment had to be 
increased. 


Estimated installed cost figures were ap- 
plied to the two methods for economic 
comparison, and the future system was 
set up both ways on the network analyzer 
to permit a comparison of over-all operat- 
ing performance. 


In general, the various feeder circuits - 
- were designed in either case with the same 


amount of margin for a still further in- 
crease in load, or so-called slack. 


Conclusions 


It will be realized that the area, within 
the system in which the use of capacitors 
shows an economic gain, depends very 
greatly on the character of the system in 
question. Where the unit or small sub- 
station principle is applied making the 
low-voltage heavily loaded circuit runs 
comparatively short, the gains are less in 
the distribution areas by themselves. 
This principle of system design tends to 
shift the major benefits from the distri- 
bution to other parts of the system. 

The type of system selected in this 
study employed the unit- or small-sub- 
station principle quite extensively, as 
will be discussed more in detail later; so 
this fact should be borne in mind in 
considering the following conclusions. 
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These conclusions must, of hecessity, 
apply rigorously only to the system 
studied, although certain generalizations 
will be apparent from them. 


1. Exclusive of the increased generating- 
plant facilities to care for the future require- 
ments (which were the same in either case), 
the use of capacitors resulted in an over-all 
saving of approximately $262,400 on a 
$2,500,000 investment, or about 10 per 
cent. 


2. The total estimated cost of changing 
only the feeder circuits to accommodate the 
increased loads, either with or without 
capacitors, was about the same. In one 
type of feeder the cost of using capacitors 
would be greater than that of increasing the 
materials or adding feeder voltage regula- 
tors, and so forth, whereas in another the 
relative cost would favor the capacitor, and, 
in the aggregate, on the system studied the 
cost was about a standoff. 


8. The greatest differential in cost of in- 
creasing the capacity of the feeder circuits 
favoring the capacitor method occurred in 
the residential-type feeders, where the im- 
provement of the first-to-last customer volt- 
age of the single-phase lateral circuits with 
capacitors precludes the need of adding 
conductors and reconnecting for three- 
phase, which must be done for voltage pur- 
poses, if capacitors are not used. 


4, The greatest differential in cost favoring 
not using capacitors was on the 33-kv feeders 
supplying industrial power at 33 kv where 
strictly no change to the feeder was required 
to enable it to carry the future load. A 
large capacitor bank was added, however, at 
the end of each of these for the capacitor 
case, because this would be a logical location 
in this system for a kilovar source in such a 
program. 


5. The total estimated cost of changing the 
substation and subtransmission facilities, if 
capacitors were used on the feeders, was 
$139,500 as compared with $383,700 if 
capacitors were not used. 


6. The operating margin in the generating 
plants under future load with capacitors 
was increased by a reduction in system losses 
of 7,900 kw and 34,000 kilovars on a 
system-delivered peak load of 255,000 kw. 
The additional margins provided would al- 
low the system to operate with one less 
hydrogenerating unit under emergency con- 
ditions, if steam and prime-mover capacity 
were available. This is seen clearly in 
Figure 11. 


7. It is well known that in systems using 
long heavily loaded feeders, capacitors offer 
the largest gains. This study indicates that 
in systems where such feeders are eliminated 
mainly by employing the unit- or small-sub- 
station principle of design, the use of kilovar 
source near the load still is justified on an 
over-all economic basis, from the standpoint 


_ of both first cost and operating efficiency. 


Thus, systems using modern design exten- 
sively may use to an advantage a co- 
ordinated system program of kilovar plan- 
ning. 

8. System incremental load losses are 
twice the actual per-unit load losses in the 
regions of practical system operation. This 
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Figure 1. System layout. Present loads 


All 33 kv is overhead. Six-mile circuits from 
generator to feeder substations are overhead; 
4/O copper 3.5 feet equivalent A spacing 


Feeder Loads—Present 


Circled 
Number Type Kilowatts Kilovars 
Ue cota Residentiall<. 5 2. ar. seu © 1/000:.-. 483 
Ore KEOmmMencraliecteancies atte NjOOO-e +n 750) 
Blas: ihe [aclOstrialtden,cacle «rcatteels 1,000.... 882 
A Commercial network....15-1,000.... 750 
5A... .13.8-kv industrial, 33-kv 
HSay ot seats i sfeversincs 13,000. ...11,500 
5B 13.8-ky industrial, 13.8- 
RV alin eG erccuaye tate sicievos2s, © 13,000....11,500 
CMbac 33-kv industrial, 33-kv 
liters eter eee Mets ae 14,000... .12,400 


applies for circuits that maintain voltage 
by kilovar supply at either end, as well as 
for circuits using a regulator at the sending 
end to maintain receiver voltage. 


Statement of the Problem 


DESCRIPTION OF SYSTEM 


1. General. The system was set 
up and studied, as shown in detail in 
Figures 1 and 2. It is composed of three 
major load areas, each with a present 
load of about 50,000 kw and each con- 
nected to the other by a double-circuit 
33-kv belt line 12 miles in length. Two 
of the load areas are supplied by a local 
steam-generating plant each, and the 
third by a hydroelectric plant 150 miles 
distant supplying its kilowatt require- 
ments over a two-circuit 138-kv line, 
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with an intermediate switching station, 
needed for transient stability. Kilovar 
requirements of this load area are sup- 
plied by a synchronous condenser feeding 
the 33-kv substation bus. Each generat- 
ing plant is capable of carrying the load 
requirements of its own area; hence, 
power flow over the belt lines is restricted 
Most systems 
would generally operate part of its sub- 
transmission facilities loaded during nor- 
mal peak-load conditions, the effect of 
which would be to favor the capacitor 
case; so the results are considered very 
conservative. 

2. Feeders. Types, loads, and dis- 
tribution among substations: Feeder 
types and loads are classified in the tabu- 
lations accompanying Figures 1 and 2 for 
present and future loads, respectively. 
The design and performance details of 
each type of feeder, for present load, 
future load without capacitors, and 
future load with capacitors, are given 
in Figures 3 to 9, inclusive. 

Table I indicates the distribution of 
types of loads and feeders among the 
three substations. 

For purposes of this study it was 
deemed satisfactory in the interests of 


' simplicity to use the same feeder of each 


type at all three substations. This, of 
course, is not a condition that would oc- 
cur in practice, but if the feeder length 
and load are considered an average value, 
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Figure 2. System layout. Future loads with | 
and without capacitors. Other details same as! 
Figure 1 
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Kilovars 
Circled With 
Number Type Kilowatts Kilovars Capacitors 
1... .Residential. ... 1,800)... “S765. aaa | 
Q....Commercial... 1,800... 1,350... 87@i 
3....Industrial.... . 1,500... 1,350... 490 
4....Commercial YG 
network....24-1,100... 825... 533 
5A..-13.8-kv indus- - 
trial, 33-kyv 4 
linea ances 19,500...17,250... 9,460 
5B...13.8-kv indus- q 
trial, 13.8-kyv ' 
lines 3s -19,500...17,250... 9,460 
--33-kv indus- — } 
trial, 33-kv 
bee a 21,000. ..18,600...10,140 


the results produced should reasonabh 
approach those that would obtain on 
actual system. 


3 
ALTERNATIVE MeETHODS OF HANDLING 
Loap GrowTH ; 


Figures 3 through 9 indicate the alter- 
native methods of providing for futur 
load growth in the various feeders, and 
the detailed changes required for each 
method are listed in Table II. For th 
no-capacitor case the addition or enlarge- 
ment of circuits and transformers and/ 
voltage regulators was resorted to 
order to overcome the voltage drop or 
thermal-capacity limitations. For the 
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Capacitor case these limitations were 
overcome entirely or in part with capaci- 
tors, depending upon the details of each 
individual case. 

These feeders were then represented 
as loads on the system, as shown in Figure 
2, set up on the network analyzer. The 
normal and emergency performance of the 
system could then be studied with and 
without capacitors, and the effect of 
these capacitors on the system evaluated 
in terms of subtransmission system and 
distribution substation capacity needed. 
Table III and Figure 2 summarize the 
detailed changes needed to the system to 
enable it to carry the future loads of the 
feeders designed with and without capaci- 
tors. ay 


PRESENT AND FUTURE LOADS 


Details of individual feeder designs are 
given in the figures; hence, they need 
not be discussed here. It may be noted 
that the margin for growth beyond present 
loads is not necessarily the same in each 
of the feeders, nor is the percentage of 
growth to future loads exactly the same 
among the feeders. This fact does not 
affect the qualitative result of the eco- 
‘omic comparison between the use of 
capacitors and the use of other means to 
provide for the load growth, but it obvi- 
ously might affect the degree of the eco- 
nomic unbalance of the two methods. 
The values of present and future loads 
were taken at random; since, on an actual 
system they could, of course, be any value 
over a given period of time and would 
probably not be the same on each of the 
different types of feeders. 

It is fair to expect, however, that 
feeder and system capacity be reasonably 
equally used up, that is, the margin for 
growth beyond future loads be the same, 
regardless of the method used to provide 
for the load increases. This is, in general, 
true, as will be shown by the following 
brief comparative comments on the 
margin remaining in each type of feeder, 
for the two methods. The numbers 
identifying the feeder types in Figure 3 
through 9 correspond to the following 
numbered sections: 

1. Residential Feeder. Changing 
Single-phase laterals to three phase to 


cut down unregulated voltage drop in. 


these sections reduces the voltage drop 
more than the simple addition of enough 
“capacitors at the end of existing single- 
| phase laterals to make the voltage drop 
acceptable, as was done in the capacitor 
case. This is not the discrepancy it first 
appears to be, however, because the future 
load is about the ultimate for the load 
area (as indicated by the load density) 
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served by the feeder, and, even if this 
were not the case, the cost of achieving 
the same voltage drop with capacitors, 
as compared with changing over to three- 
phase laterals, would still be less. 

2. Commercial Feeder. Cable am- 
pere capacity is the limitation to increased 
load. If a parallel cable equal in size to 
the original were run, the capacity would 
be increased from 275 amperes to 550 
amperes, whereas the capacitors added 
simply brought the future uncorrected 
load current of 312 amperes back to 275 
amperes. Thus, by adding the cable, pro- 


itor case to hold the voltage drop to the 
adopted values. No margin is thus left 
for additional load without adding equip- 
ment for either case. _ 

4. Commercial- Network. Capaci- 
tors are added in capacitor case at the 
four-kilovolt network supply busses with- 
out changing the network design; hence, 
there is no difference in margin between 
the two cases. 

5a. 13.8-Kv Consumer Fed From 33 
Ko. Additional transformer capacity 
was added for a 50 per cent load increase 
such that, with the addition of fans, a 


Table I. Types of Feeders, Feeder Loads, and Distribution of Load Among Substations 
Load of This Type at This Substation 
Present Future 
Num- 
ber Without Capacitors With Capacitors 
‘ vat 
Feeder Feeder This Kilo- Kilo- Power Kilo- Kilo- Power Kilo- Kilo- Power 
Number Type Station watts vars Factor watts vars Factor watts vars Factor 
Substation A 
1....Residential .. 6 .. 6,000.. 2,890..0.91 ..10,900.. 5,370..0.896..10,870.. 2,044. .0.985 
2....Commercial.. 2 .. 1,988.. 1,496..0.80 .. 3,620.. 2,760..0.795.. 3,600.. 1,740. .0.90 
3....Industrial .. 3 . 3,030.. 2,610. .0,758.. 4,490.. 3,870..0.80 .. 4,370.. 1,210. .0.975 
4...,Commercial 
network .. 0 
5a....Industrial y 
DSB teh tty oi. . .24,880. .21,560. .0.756. 39,800, . 34,500. .0.755. .39,000. .18,300. .0.895 
55.. .Industrial : 
HTP ae O 
6....Industrial 
HEP a | . .13,970. .12,190. .0.753, .21,200. .18,300. .0.755. .20,900.. 9,900. .0.904 
otallys-sicccl -cxccotststeecd ss 49,868. .40,746. .0.774. -80,010. .64,300. .0.778. .78,740. .35,396. .0.914 
Substation B 
1....Residential ..12 ..12,020.. 5,860. .0.898. .21,800..11,200..0.89 ..21,900.. 4,008. .0.903 
2....Commercial.. 2 .. 2,018.. 1,506..0.30 .. 3,590.. 2,710..0.798.. 3,600.. 1,760. .0.897 
3....Industrial ..24 . .23,840. .20,500. .0.758..36,300. .27,000. .0.802. .36,000. .11,800. .0.95 
4....Commercial 
network ..15/24*..14,960..11,490. .0.793. .26,600..19,700. .0.803. . 26,400. .12,800. .0.90 
5a. ..Industrial 
HTP re! 
5b... Industrial 
HTP em) 
6....Industrial 
HTP oon 0) 
otal hs os tiers Rreasatsjelecedoye ei 52,838. .39,356. .0.802. .88,290. .60,610. .0.823..87,900. .30,268. .0.945 
Substation C 
1....Residential ..12 . .12,320.. 6,060..0.896. .22,100. .10,800..0.897..21,900.. 4,208. .0.90 
2....Commercial.. 3 . 2,992.. 2,239..0.80 .. 5,500.. 4,000..0.808.. 5,470.. 2,570. .0.904 
See kudustrial 9... 0 
4....Commercial 
4 network .. 0 
5a... Industrial 
AEP a2) 
56. . Industrial 
: HTP 2 . .26,080. .22,960..0.75 ..39,000. .34,500. .0.749. .38,900. .18,800. .0.90 
6....Industrial : : 
HTP ar | . .18,960. .11,890. .0.761. .21,200. .18,000. .0.762. .21,000. .10,200. .0.90 
T Ot Alls tstets sarsiernia se theo ofa 55,352. .43,149. .0.788. .87,800. .67,300. .0.795. .87,270. .35,678. .0.927 


*Number of feeders with future loads. 


vision would be made for an added load 
of 1,700 kva above the 1,000-kva increase. 

3. Industrial Feeder. Voltage drop 
limits load on this type feeder. A regu- 
lator of proper ampere capacity for future 
load is installed when the load grows. 
The regulator rating is the limiting fac- 
tor for further growth. Similarly, only 
enough capacitors are added in the capac- 
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former out; 


**HTP stands for “high-tension (voltage) power.” 


100 per cent load increase could be taken 
on the basis of one line and one trans- 
2,600 kva of capacitors 
could be added in the capacitor case with 
an emergency (one line and transformer 
out) full-load voltage drop of 12 per cent, 
but, in the no-capacitor case, emergency 
operation at 100 per cent load increase 


would result in a current through the 
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_ Il S-KVA DISTRIBUTION TRANSFORMERS PER |¢ 


A). Present » 
_ LATERAL; 20-KVA PEAK LOAD 0.9 POWER FACTOR Ov) 


~ Voltage drops at feeder peak: 
Secondary three per cent 
Distribution transformer 3.2 per 


SECONDARY 


350-FT NO. 4 cent 
COPPER 8IN./I6IN. 
SPACING One-phase lateral 3.9 per cent 


, 
s 


Three-phase lateral 2.9 per } * 


3$-4/0 COPPER 33 IN. cent 
ISAD WA EEAK LOAD OSPF D \4 CUSTOMERS Express section 6.8 per cent ) 
Q * 
‘ a TRANSFORMER Regulator compensates for 
SS Fi these 
Ip LATERAL- 1.5 iiereie 
pa , SMILES NO.2 COPPER Type 1 feeder. Present diversi 
Be ‘\. 59-IN, SPACING fied peak at system peak 1,110 
g % 135-KVA PEAK 


3 LATERAL-!.25 MILES NO.2 COPPER 
375-KVA PEAK LOAD 0,9 POWER FACTOR 


A) 


22 IS5-KVA DISTRIBUTION TRANSFORMERS 


0.9 POWER FACTOR 


kva at 0.9 power factor = 
1,000—j483 kw (neglecting 


9a3-Se 


SECONDARY 175° losses) 
FT ty .4 COPPER 
/16 | : ; 
ea (C). Future with capacitors. 


PER ¢ LATERAL 


2415-KVA PEAK LOAD 
0.975 POWER FACTOR 


\é ae : 


Otherwise same as present 
Voltage drops (at feeder peak) 


Secondary 1.5 per cent 
TRANSFORMER 


664-KVA PEAK LOAD A Distribution transformer 3.2 
0.975 POWER FACTOR ; j Neva Behcent 
233-KVA PEAK AT 0.975 POWER FACTOR One-phase lateral 5.3 per cent 
(CE) (7.3-2 due capacitor) 


Figure 3. Residential feeder—type 1 


single line of about 600 amperes with a 
13.6 per cent voltage drop. 

‘5b. 13.8-Kv Consumer Fed From 13.8 
Ko. Voltage drop under emergency 
condition of one circuit out with future 
load is considered about maximum per- 
missible and nearly the same for either 
case; hence, there is no room for in- 
creased loads either way without addi- 
tional investment. 

6. 33-Kv Consumer Fed From 33 Kv. 
No change to this feeder was necessary 
for it to carry the future load, but for the 
capacitor case a bank was added arbi- 


<*- 1 MILE---> 


449-4 


i 16 KV 
3 1/c-350,000-CIR MIL RUBBER-INSULATED 
CABLES IN 1 DUCT-RATED 275 AMPERES 


“30 50-KVA 
TRANS- 
}, FORMERS 


METERED LOAD AT SYSTEM PEAK 
=|250 KVA AT 0.8 PF = |000-J750 KW 


(A). Present 


ekee R-INSULATED 
2 Yc-350,000-CIR MIL RUBBE 
CABLES PER PHASE~RATED 550 AMPERES eee ak 


eee 


METERED LOAD. AT SYSTEM PEAK 
=3350 KVA AT 0.8 P& = [800-J1350 KW 


(B). Future—no capacitors 


TOTAL OF APPROXIMATELY 475 
4 IeKV CAPACITIVE KVA FOR FEEDER 


3 Ye-350,000-CIR MIL RUBBER-INSULATED 


CABLES IN 4 DUCT-RATED 275 AMPERES - 60 50 “KVA 


METERED LOAD AT SYSTEM PEAK 
=2000 KVA AT 0.9 PF =|800-J 870 KW 


(C). Future—with capacitors 


Figure 4. Commercial feeder, 4,160 volts— 
type 2 
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Three-phase lateral 5.5 per cent | * 
Express section 12.3 per cent 

* Regulator compensates for these 
Type 1 feeder future diversified load at 
system peak=1,830 kva at 0.985 power. 
factor =1,800—j316 kw (neglecting losses) 


trarily at the end of the feeder because of 
‘the large load kilovar requirement. This 
would permit about 8,800 kva of load at 
the original power factor to be added after 
future load arrived in the capacitor case, 
but none could be added in the no- 


FIRST TO'LAST TRANS- 
FORMER DROP =10.6 % 


4.16 KV 


_.3MILES 4/0 COPPER ana 
34.5—T EQUIVALENT 4 


5 300-KVA 


Hy i v Fi oS eats 


Fs 


METERED LOAD AT SYSTEM PEAK 
=1333 KVA AT 0.75 PF =!1000-J882 KW 


(A). Present 


UNREGULATED 

DROP=!4% 

_3MILES 4/0 COPPER ____ 
~34.5-FT EQUIVALENT A 
»VOLTAGE REGULATOR (144 KVA) 


vee 
ee ee 


METERED LOAD AT SYSTEM PEAK 
=2000 KVA AT 0.75 PF = 1500-JI350 KW 


(B). Future—no capacitors 
TOTAL OF APPROXIMATELY 830-CA- 
DROP =10.4% PACITIVE KVA FOR FEEDER 


3 MILES 4/0 COPPER 
~34.5-FT EQUIVALENT A 


5 500-KVA 
TRANSFORMERS 


yo fe foe’ Te 


METERED LOAD ‘at SYSTEM PEAK 
=|I580 KVA AT 0.95 P= = |500-J490 KW 


(©). Future—with capacitors 


Industrial feeder, 4,160 volts— 
type 3 


Figure 5. 
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_ system peak =9,010 kva at 0.9 power factor 


B) 


(B). Future without capacitors. 
same as present 

Drops (at feeder peak): 
Secondary 1.5 per cent 
Distribution transformer 3.2 per cent 


Otherwise 


Three-phase lateral II-II] 1.3 per cent 
Three-phase lateral I-II 5.5 per cent | t 
Express section 12.3 per cent | ; 


t Type 1 feeder future diversified toad at 


1,800 —j876 kw (neglecting losses) 


(a). Present—15 primary (4 kv) feeders 
three-conductor 350,000 circular-mil cable 
average metered feeder load at system peak= 
1,250 kva at 0.8 power factor. x indicate 
feed-in point to secondary network throug 
500-kva 4,160/120/208-volt _ transforme 
Secondary grid uses two 250,000-circular-mi 

single-conductor cables per phase 


(b). Future with and without capacitors 
shows added feeders only. Add_ nin 

three-conductor 350,000-circular-mil ca 
Average load of added feeders=1,575 kva 
at 0.8 power factor. o indicates added 
feed-in points to added network throug 
500-kva 4,160/120/208-volt transformer 
For with-capacitor case add 2,340 capacitive 
kilovolt-amperes at each of the three 4,160 

volt supply busses, A, B, and C 


Figure 6. Commercial network—type 4 _ 
1 

{ 

ELECTRICAL eae 


‘ Table Il. 


i 


Summary of Physical Changes in Feeder Circuits and Their Estimated Installed Costs to Handle Future Loads 


== 


Total Cost 


(Thousands of Dollars) 
ie a r Total Number Changes to Feeder Cost Changes to Reader, Cost Without With 
umber | mager Type This Type Without Capacitors (Dollars) With Capacitors (Dollars) Capacitors Capacitors 
eee Residential Sica: WU) ....1, Split the secondary Split the secondary 
’ Tums runs 
. Add 132 15-kva - Same as for without 
2,400/120-240-volt capacitors — . 24,000 
transformers ---. 24,000 
' Change 18 miles of Add 540-kva outdoor 
one-phase lateral to distribution capacitors 
three-phase and re- ‘in 45-kya banks with 
connect half or origi- hangers and one cutout ; 
‘nal transformers Be vis OHO) per bank a 2,300 < 
Add 2,880 kva, 10 per ; Same as for without ca- 
‘cent induction regula- pacitors - 10,000'.. . .1,335 . 1,089 
J tor, 22 LO;000: : 
>: Commercial Anes ....l. Add onesingle-conduc- _ Add 498 kva of 7.5 kva 
tor  350,000-circular 230 volts at 208-volt 
j mil yarnished-cambric capacitor units in nine 
lead-covered cable per banks of nine units each 
phase in existing one- with cutouts 9,300 
mile duct | See LOO 
Add 30 50-kva 4, 160/ Add 30 50-kva trans- : 
” 120-208 volt trans- formers > 11,800'. ..2. 9 RS Se ay ane 
former with cutout .... 11,500 
) J Industrial sis eee ....1. Add 1,400 kva 10 per Add 900 kva of outdoor 
’ ' cent induction repale capacitors in 180-kva 
_ tor 5,500 banks with hangers and : : 
] “ 3 cutouts i car (DJOOOR Ss W485 ce amerae 
. -—aee Commercial net work ..15 present....1. Add nine 3-conductor Same as without ca- 
j 24 future 350,000-circular mil pacitors . 60,300 
cable feeders 2,000 
. feet long in new ducts.... 60,300 
A Add 45 500-kva net- Same as without ca- - \f 
work transformersand pacitors ,-517,500 
protectors and vaults... .517,500 
. Add three banks of 
; 2,340 kva of capacitors 
in housed racks at low 
: side (1,460 volts) of i 
- . feeder transformers ; 
ee ; ‘ with breakers Jive 46,0000 0 2. (520 Sits oe Gores 
6a......13.8-kv customer fed by 2 Add two 10-megavolt- Add two.7.5 megavolt- 
6-mile 33-kv line | mae ampere 33/13.8-kv ampere 33/13.8-kv 
: ¢ transformers, includ- — transformers, including 3 
. ing installation and installation and station ‘ 
station additions _ . 44,000 additions .... 35,000 
. Add three 2,520-kva 
a 4 ! capacitor banks ~ ADI6O0!. iin SLSR ie eal ae 
_ 5b Mites 3 13.8-kv customer fed by ' ’ 
5-mile 13.8-kv lines...... 2 ....1. Add one 5-mile, 250,- Add three 2,520-kva 
: 000 circular mil copper capacitor banks . 49,600 A 
7 13.8-kv line : . 26,500 
. . Add two 1,000,000- kva’ 
. 15-kv circuit breakers, 
* including station ad- 
°4 4 ditions 22) O00 Fm Raia s ees oa s.c aca etc Mensa Seine oe ee sale 86 99.2 
eee 33-kv customer fed by 
6-mile 33-kv lines cee te tees REE BODO OC 0 Sy cb Uo Cites 7 He oe eet Add 8,280-kva capaci- 
: cd tor bank 54,3007 nh che cet ents 108.6 
2,388.6....2,370.4 


capacitor case because of voltage drop 
and conductor thermal limitations. 

_ It may be noted that for feeder type 2 
‘the no-capacitor case shows the larger 
‘margin, whereas in type 6 the reverse is 
true. Also a more favorable emergency 
operating condition obtains under ulti- 
mate load conditions for feeder type 5a 
for the capacitor case than for the no- 
‘capacitor case. 


cacy of Results . 


r * ; 
System INVESTMENTS TO PROVIDE FOR 
Loap GrowTH 


Tn going from the present to the future 
system it was necessary to add the same 
amount of generating capacity at sta- 
tions B and C oe either method of pro- 
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y 


viding for load growth.. In view of this, 
the cost of the plant additions was not 
included in the comparison. This addi- 
tion was one 25-megawatt unit at sub- 
station B and two 25 megawatt units at 
substation C. fe 

The installed cost of changes to the 
feeders, substations, and subtransmission 


facilities to carry future loads with and 


without capacitors is itemized in Tables 
II and III. It is realized that the costs 
selected may differ considerably from 
those. which would obtain on specific 
actual systems because of local conditions, 
but it is believed that the costs chosen 


are representative. A brief over-all sum- 
mary of the investment results may be 


found in Table IV. 
It is again pes that the major 
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gains indicated in Table IV appear in 
parts of the system other than the feeders 
because of the principle of system design 
adopted. Small substations with rela- 
tively short feeders are the general prin- 
ciples involved. This has generally 
been called the unit-substation or load- 
center type of distribution. This prin- 
ciple results in a relatively efficient dis- 
tribution system with fewer of the prop- 
erties usually conducive to capacitor 
gains, and, as seen, any substantial bene- 
fit must necessarily appear elsewhere in 
the system. The loss data given in the 
following section further indicate the 
high efficiency of this system in relation 
to the average actual system being op- 
erated. The loss at time of peak for the 
future case without capacitors is only 
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2. Add fans to 


Table Ill. 


3: Add 


6 Add five 


Transmission Facilities and Estimated Installed 
Costs 


Changes If 
‘Capacitors 
Are Used 


Changes If 
Capacitors Cost 
Are Not Used (Dollars) 


1. Add 25 
megayolt - 
ampere 
synchro- 
nous con- 
denser, 
trans- 
f or mer, 
and circuit 
breaker..... 212,000 


Cost 
, Dollars) 


‘Add 12 
2,500-kva 
. 838/4.16- 
kv trans- 
formers. .... 102,000 
Add 5 2,500-. 
kva 13.8/ 
4.16-kv. 
transfor- 
37,500 


_ two 3,750- 
kva trans- 
formers 
for 5,000 f 
kvaat950.. 1,900 
f Suu 
2,500 - kva 
33/4.16-kv 
transfor- 


5,000-kva 
33/4.16-kv 
_ transfor- 


- 5. Add fans to - 
. three 5,000- ~ 

. . kva units 
for 6,250 ‘ 
kva at \ 
1,100.. 3,300 ix 

2,500-kva 

13. 8/4.16- | 

kv trans- 


formers .... 37,500 


STiotal oie, 383,700 


0.13 per unit. Hence, one should not con- 


¥ clude too hastily that the gains (as to 
_ magnitude and location) obtained in this 


™ 


Rove 


7 


if 
es Mid 
7 


is system through a general kilovar. program | 
will apply to his -particular system. 


Power systems having the more usual 


type of distribution, that is, longer feed- 
_ers, will show comparatively greater bene- 
fit to the distribution system itself from 


the application of capacitors thereto. 


System Losses 


Table V summarizes the metered and 
generated. loads and losses for the various 
cases. 

The difference i in load or ieee kilo- 
vars between the capacitor and no- 


capacitor cases represents the kilovars of 
_ capacitors employed on the feeders and at 
_ distribution substations. 


This is 91,100 
kva. The difference in kilovars supplied 


% by generators for the two cases is 125,100 
__kilovars, so a kilovar loss of 34,000 obtains - 


_ for the no-capacitor case. 

The value of the reduction in losses of 
7,900 kw and 34,000 kilovars, resulting 
from the load kilovars being supplied near 


_ the load, was not accounted for in the © 


a 


economic comparison because of the con- 
siderable variation in what is considered 


a fair cost for losses among engineers. 


At any given rate, either on a capitalized 
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Summary of Physical Changes to 


sTetal ey estes els 139,500 


(A). Present. 


‘MILES NO.4/OCOPPER + A 
‘4.5FT EQUIVALENT A ? 
33KV 


METERED LOAD = 
17,300 KVA AT 0.75 PF 


2-15 
MVA_ BANKS- en 5% TAPS © 


(A). 
circuit=10. 9 per cent 


6 MILES NO. 4/0 COPPER 
4,5-FT EQUIVALENT A 
13.8KV 


METERED LOAD= 
26,000 KVA AT 0.75 PF 
=19,500 -J17, 250 KW 
2-25 
MVA BANKS-3- 5% TAPS 
Future—no capacitors. Drop with full 
load on one circuit=13.6 per cent 


(B). 


6 MILES NO.4/0 COPPER. 
4.5FT EQUIVALENT 4}. 
33 KV - 


13.8 KV 


_ METERED LOAD= 
21,700 KVA AT 0.9 PF 


i TI wee = 
7740- CAPACITIVE KVA5—55"5 
MVA BANKS 
(CSS): Future with capacitors. Drop with full 
load on one circuit=9.1 per cent 


Figure J. ‘13.8-kv industrial customer fed 
from 33 kv—type 5a 


fe) 


investment or energy ones basis, ave ¢ 
power losses may, of course, be evaluated 


readily. “Similarly, the reactive power 


losses may be charged for on a basis of | 


system investment required to supply 
them, or simply in terms of the cost of 
capacitors or condensers of ratings equal 
to the difference in losses. In any event, 
this difference in losses represents a dif- 
ference in operating margins, and - may be 
ees agpardinele 


5MILES 250,000-CIRCULAR MIL 
COPPER 3.5FT EQUIVALENT 4 


423-5 
METERED LOAD= 
-=13,000-JI1,500 KW 


Drop with full load on two 
circuits =13.7 per cent 


METERED LOAD= 
26,000 KVA-AT 0.75PF 
=19,500-JI7,250KW 


EACH CIRCUIT =5MILES 250,000-CIRCULAR - 

MIL COPPER 3.5FT EQUIVALENT A 

(B). Future with no capacitors. Drop with 
load on three circuits=13.7 per cent 

7 

METERED LOAD= 


| 21,700 KVA-AT 0.9 PF 
=19,500-J 9460 KW 


TT40-CAPACITIVE KVA 


EACH CIRCUIT=5 MILES 250,000- CIRCULAR - ° 
MIL COPPER 3.5-FT EQUIVALENT A 


(C). Future with capacitors. Drop with full 
load on two circuits=14 per cent 


Figure 8. 
from 13.8 kv—type 56 
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=13,000-JII|,500KW - 


Present. Drop with full load on one 


19,500-J9,460KW - 


' the reader, but actually it could ha 
and normally would be, evalua 


17,300 KVA-AT 0.75 PF . 


13.8-ky industrial customer fed 


ing a ES for tl the ‘ 
_ studied, the future kilowatt require n 
demanded the same number o gener: 4 
at stations B and C whether or = 
tribution capacitors were used. Simi: 
larly, the hydroelectric plant c saci 
required would be the same, si 
nomics and operating ee 
mally tend toward practically u 
power-factor long-distance transatial 
However, at substation A a larg 
_chronous condenser is needed fo 
‘capacitor case to supply ee r 
 kilovars to this load area. ; 
The difference in kilovar tarda 
system-loss requirements on stea n 
erating plants Band C, therefore, evidenc 
itself in this study in greater margin 
future growth and for emergency 
tions. The evaluation of this is 


terms of the cost of generator or. 
supply capacity installed at the s 
If the generators can carry added 
load when their kilovar load is - 
it could be measured i in terms of g 
capacity costs. , 

In ae steam-station toads with 


tive eilogales amperes ‘throughout ¥ 
paper.) ; 
In future eI eatle: 
prisaeh normal are is Le G - i 
in coiamee reserve. : cee 
On this rs if it is assumed the at 1 


\ 
i 


Table IV 


~ With 
Item © 


Cost of ‘changes to” 
feeders for a : 
100,000 -kw 7 
system load in-— 

GREASE, Wants Ete oe ee $2, 370, 400 

Cost of changes to 
rest of system, + eS 
exclusive of power 
plant for this load ! as 
increase, -.....$ 139,500 > 

Total cost, exclusive ’ 
of power plant..... $2,509,900 

Cost per kilowatt of 

_ added transmis- ‘ 
sion- and distri- © 
bution-system ca- 


- $2,772,800 


ELECTRICAL ENGINE! 
ti ENGINEERS 


1 7 
r ; 

‘ a, i Se 
yuo Se 


=" a rp ars 


—<— ~~ = —F Te ‘~ iol | —— * 
4 ‘ ai “ ’ a. ‘ 
= ; _, A 


4 Eiable V. Suituiary of Metered ant Genewiae 
_ Loads 
| “ \ _ Reactive 
we Megavolt- — 
es : Station Megawatts Amperes 
Present me- : 
tered loads... <3 Mie agate FO CE 40.75 
& Bi detgcsty sie 52.84... 39.36 
Gite a 55.35..... 43.24 


BEEION GH i ses meat gid AR iach eet OSLO" seer eg 8.2 
Bits she sis BY Aah tere 52.0 
| a Pe SAS helenae 46.0 
Condenser... he Hoge 51.5 
5 
F Total..... L748 ene 157.7 
LOSiLT utes 123.4 
; ' Losses NGi2) ites 34.3 
Future with- P ; i 
out capaci- : Seg 
Fors loadss..'.'s.4. + Wo dn BOLOL csr. 64.3 
y Beasts $8295 2s 60.6 
Ginvieatsrse STO. % 67.3 
fs Total,, :.>266,1 +, :..192.2 
Seneration, 0.22... .. PA sont ardteea 91.5 4.9 
By LOG. Se ox. 88.8 
[2 eek are OS, Ounce, 82.0 
? Condéuser 58034 cn5 76.0 
Total 2A RTS Pe 251.7 
IZ66. 0° "s.r 192.2 
ea ; Losses... 83.40 5.04. 59.5 
“Future with 
+ capacitors 


Total. si-.)< 209.5 Th. ark 2626 
Ly 254.0 . 25 108.1 
“= 4 - 
ROSSER a3 5 DOB sie ses 25.5 
cases without capacitors..... 5 ee SI 59.5 
Losses with capacitors........ B2B.5i Sie 25.5 
_ Reduction in losses with ca- F ; 
BIRCIEOLS. 5 5.56.0 ree levws sanele > MaDe cere ALO 
_ Metered kilovar load without capaci- 5 
MMRLOFSUCLIEILE) 60 io rayere B52 bout eet apne seams 192.2 
_ Metered kilovar load with capacitors 
MOLELETIVE) Perc tack, Woke ota sline Ra ivlergioe face 101.1 
91.1 


Table VII. 


"Capacitor Pitot iat des sated Lk Pk RCS f 


units off if capacitors are not used, and 


“with three hydroelectric units off if they » 


are used. This is seen readily from the 
data in Figure 11 and is an example of 
how the generating-plant margins may be 
evaluated in terms of operating condi- 
_tions. 


“Capacitors as a Stepping Stone in 
"3 System Growth 


" The analysis reported in this paper was 
de on the basis of considering the cost 
an addition to a system, as though its 
load grew 67 per cent, and the changes 
were almost overnight. No account was 
“taken of the effects of providing for this 
ultimate increase ‘in, steps, somewhat 
ahead of an increment of load growth. . 
it was assumed that this effect would be 
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Table VI. A Kilovars Per A Kilovolt-Ampere 
Per 0.05 Step in Power Factor 


A Power Factor A Kilovars Per A Kilovolt-Ampere 


pat 


BY Ue OY ino ier Josie Mpcarsesatas eter 6.2 
GIA =OGOi ade wack seater 2.68 
RUSQORO ROG acts aati sasiene ion 2.05 
OB5-0.80 2). Marita ree sania 1.8 
EB nes AC BN ae Rate £5 cin OSS 1.59 


The increase in kilovar capacity per kilovolt- 
ampere capacity in going from 0.95 to 0.90 power 
factor is 2,68. 


Generator Kilovolt-Amperes and 
Power Factor for Various Line Reactance and 
Load Values for Constant Kilowatts 


Circuit Reactance Circuit Reactance 


=0.20. =0.30 
: Gen- Gen- Gen- | Gen- 
Load erator erator erator erator 
Power Kilovolt- Power Kilovolt- Power 
Factor Amperes Factor Amperes Factor 
a 

ORR amp 1,025.2. 0:96 sh at 1,042... .0.96 
OGG ie car.) Mio ree OL Reo any. = BAiS.,'. ...0°345 
OL907 "25% 5 WOR Wee eN Yo Apa W277 <x .0.788 
OBS. cele dee. we OLR Dis are LOO) vane JOneoe 

O:80)\ <0 vedo Okea. 0-22 man ce 1.45... .0.69 
OTB vise echt ATE oe 0,68) aie opt iki? 9 eae 0.648 


the same whether the capacitor or no-. 


capacitor method were used in providing 
for the load increment. Obviously, this 
would be difficult of evaluation, unless a 


knowledge of the load growth or trend. 
Such knowl-. 


edge is, however, available on actual 


with time were available. 


systems and should be made use of for 
the purpose described. 
Actually, if this effect were evaluated, 


‘it would favor the use of capacitors, since 


they can be added in smaller quantities 
and follow the load growth more closely 
than regulators, transformers, lines, and 
cable circuits necessarily are able to do. 
Thus, there would be at any time some- 
what less unused capacity lying idle 


waiting for the load to grow and use it up. 


Another way of saying this is that the 
capacitor postpones the investment until 
such time as the larger equipment can 
be added justifiably, and it is in this way 


that capacitors may come to be used more 


in meeting system growth. Their high 
re-use value and great flexibility will per- 
mit them to be used on one part of a sys- 
tem for a time until it is enlarged and then 
to be moved elsewhere to repeat the proc- 
ess of following the load growth there. 


IMPORTANCE OF COMPLETE SYSTEM 
VIEWPOINT 


As were pointed out in the opening 
paragraphs of this paper, there are cases 
where, to meet a single requirement, and 
with alternate equipment available, the 
use of capacitors would not be justified. 


‘A study of the detailed feeder cost com- 


¥ 


‘6MILES NO. bus COPPER eet 

EQUIVALENT A=4., SFEET METERED LOAD J 
PRESENT | FUTURE 
(8,700 KVA H 28,000 KVA 


AT 0.75 PF= {AT O.75PF =~ 
14-J12.4 MW j21-J18.6 MW 
1 


DROP WITH FULL LOAD ON {1 CIRCUIT=6.8PER ~ 


CENT PRESENT 10.2 FUTURE (490AMPERES ) 


(A). Present and future without capacitors 


6MILES NO.4/0 COPPER 
EQUIVALENT A=4.5 FEET 


METERED LOAD= 
23,350 KVA AT 0.9 PF 
=21-J10.14 MW 


2360-CAPACITIVE KVA™ 


(B). Future with capacitors 


Figure 9. 33-kv customer fed from 33 kyv— 
type 6 


\ 


parisons will show examples of this. 
There are two cases (feeders 4 and 6) — 
where capacitors were not needed on the — 
feeders themselves, but they were added 
at this location, as it was the logical 
place for kilovar production in the co- 
ordinated program. 

This fact emphasizes the need for defi-- 
nite correlation in power-system design — 
groups between those responsible for dis- — 
tribution-system design and those who de- 


sign and operate the subtransmission, — 
transmission, and generation portions of — 


the system—an over-all viewpoint taken — 
by all of these groups will make for added 
system pe Ne 


How Far Should Load soe ee Be 
Transmitted? 


In systems where the loads are rela- 
tively near the generating plants, the — 


question may be raised concerning the 
wisdom of supplying kilovars with capaci-_ 
tors instead of with the generators. The 


analysis reported in this paper answers — 
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Figure 10. Relation between incremental and 
actual power losses over a circuit. 
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this question for a-particular system in de- 
tail. The following discussion presents a 
few additional notes from which a quick 
picture of the general problem may be ob- 
tained. 

As.a basis for discussion and compari- 
son, the data in Table VI are first pre- 
sented. These figures give the incre- 
mental kilovar capacity per kilovolt- 


ampere required to be built into equip-— 


ment such as cables, transformers, and 
generators at constant kilowatt load for 
certain finite steps in power factor. 

On the basis that equipment costs are 
' somewhat proportional to its kilovolt- 
ampere rating, these figures indicate the 
_ degree to which kilovar capacity becomes 
increasingly expensive at the lower power 
_ factors. This is another way of saying 
the well-known fact that power-factor 
improvement tends to become uneconomi- 
cal at the higher power factors. — 
WHEN GENERATOR OurputT Is 

STEPPED Up THROUGH TRANSFORMERS 


A unity power-factor load supplied | 


through a 0.30 per unit reactance requires 
that 1.0 kw +0.30 kilovar be supplied by 
the generator, corresponding to 0.96 
power factor. Following this reasoning, 
for several load power factors and two 


values of reactatice, gives the data in — 


Table VII. eon 

Since it takes only two transformers to 
total approximately 0.20 per unit react- 
ance, 0.30 per unit would not be uncom- 
mon for the total of a subtransmission cir- 
cuit where line loading is generally rela- 
tively heavy. And with 0.30 per unit 
. it is required that the load power factor 


be 0.95 if the generator power factor is to — 


be approximately 0.85. Thus, line [?X 
losses are not small and are to be re- 
epected. 


- WHEN Loap Is SUPPLIED AT 
GENERATOR) VOLTAGE 


Under this condition for the case of 
overhead lines, one cannot readily make 


Table VIII. Dollars Per Kilovar Investment 
Chargeable Per 0.05 Step in Power Factor for 
Three Mileages 


A Power Factor 4 Miles 8 Miles 12 Miles 
LiOe=0:055e0" 3 Ley te ee Whe se tthan 3.63 
0.95-0.9 .,.... BLOT foo ae G.Bt ne ae 9.24 
0.9 -0.85...... es eae ree S265. ap slee 12.39 
0.85-0.8 ...... TS OO Oe eA F 15.6 
0.80-0.75...... Boonies x CE a eee 18.66 


At 0.95 power factor the investment chargeable per 
kilovar capacity for eight miles is $2.42, and the 
charge for the additional kilovar capacity required 
in going from 0.95 to 0.9 power factor is $6.18. — 
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: foe 


an analysis in view of the difficulty of 


establishing the rating and the effect of — 


power factor on the rating of such a line. 
Purely on the basis of line reactance, 


however, the data in Table VII are ap- 


plicable. Ws 

Cable circuits, where thermal capacity 
is the limiting factor, may be approached 
as follows. A conservative figure for 3/C 
cable, being operated at the most economi- 


cal loading, is approximately $1.45 per 


kilovolt-ampere-mile’ An additional 
charge of about $0.45 per kilovolt-ampere- 
mile for ducts brings the figure to $1.9 per 
‘kilovolt-ampere-mile total. When only 
these figures are used, and the costs of 
terminal equipment, such as generators 


- are ignored, the data in Table VIII can 


Figure 11. Sum- 
mary of steam-plant 
loadings under nor- 
mal and emergency 

conditions 


~ tem 


Rating of two aleatee tS ES See oh 
Load on two plants, two hydro- 
electric units off : 
Without capacitors.........-.-..4 235 unt, O16 
-P With capacitors 2. 2 sk ve wieele cate 298.8... .101.6 
Load on two plants, three hydro- - 
electric units off ey ; 
With capacitors. 2... ....6...55. 954.3...% 


be determined readily. These figures give 
the incremental cost chargeable to incre- 


_ mental kilovar per 0.05 step in power 
For other | 


factor for three cable mileages. 
cable lengths costs at a particular power- 
factor increment are directly proportional 
to length. 

These figures give an indication as to 
how far loads at various power factors can 


be supplied by cables to balance the in- 


vestment necessary in capacitors to fur- 
nish the incremental kilovars, namely, 
approximately $5 or $6 per kilovar. For 
instance, from,the table, at four miles, the 
load power factor should be improved to 
approximately 0.85, because below this 
the incremental kilovar costs favor capaci- 
tors, and at approximately eight miles 
the power factor should be 0.95, which 
somewhat indicates the limit of kilovar 
transmission through cable. 

The kilovolt-ampere loadings of the 
cables in this discussion correspond ap- 
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KILOWATTS - 


Basu, 


We? a 


willie consume ae (es 
amperes. Thus, the 
_ kilovolt-ampere is not i 


Appendix ay 


Incremental Kilovar and Kilow: 
Losses 


-Casp I. Loap Vorrace Marntatt 
RaIsING SENDING-END VOLTAGE ~ 
This case characterizes a circuit - 

regulator or load-ratio control at the 

station for maintaining voltage in a 

load area. oe 


27 COS 02 ~ . 
P,=~——— =load kilowatts é 
Le . 


and @,=load power factor. Negle t 


charging current — r 
iD} 2Z1 i 
L=7pq Power + loss i in hi, the line 
ty, ance 
From 1 . 
€2 COS 45 
ie 
Ps : 
so y 
c y - ' 
We fae stat L 
‘ eis e? cos? 6, cy 


load iswatls is ie 

aPy  2P%Z, 7 

dP, 7 cos?) ~ 

From 3 ; bs 

Pz P05) 
Poe ih oes aaa ‘al power loss in per 


of load kilowatts (5) 


If aqceten 4 is divided by equa 
ratio of the incremental to the ac 
loss is found to be 2, a well-known res 

This analysis also applies for th 
component of transformer and nz 
losses. ““ 
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Case 2. TERMINAL VoLTAGES MAINTAINED 
“BY Kitovar Controi 


This case characterizes a subtransmission 
or transmission circuit utilizing kilovar 
‘sources, such as synchronous condensers, 
_at either end for controlling voltage. 
The well-known power equations for such 
a circuit with power Bowing from point, 1 
to point 2 are 


Tee E,\E fe 
; 2. sin. nee sin (612 — a2) (6) 
EF? E\ Fe 
= sin ian sin (512+ a2) © (7) 
Saat 
= Z., cos 08. cos (d12—a2) (8) 
tS 


e-; * cos (d12+a13)') (9) 
12 


‘cos oe 
ian Z 
-, P,=real power passing points 1 and 2 
Qn, Q.=reactive power passing poirts 1 

and 2 
Z\,=r1atio of voltage at 1 to current at 
2 when 2 is grounded 
Z\,=ratio of voltage at 1 to current at 1 
with 2 grounded 
Z.=tratio of voltage at 2 to current at 
_ 2 with 1 Bounded 


Tu 29 
fer =tan~ ? —— o2=tan~ — 
Xu Xo 
di2=angle between voltage EH; and Ey 
na, 


aes a =tané Sa 
A 12 
For a line section with no intermediate 
loads Z,,=Z», and when equal voltages 
held at either end are assumed, the equa- 
tions for power loss are 


a QF? . DK2 is 
Py=— sin ayj—— sin aig COs dig (10) 
Zu 12 , 
— 2E? 
eo; = cos outs cos 12 COS diz (11) 
uu 12 


It is desired to find the incremental power 
losses with ee to the receiving power 
j P. 2. 


Solving for cos 6y2 in ae 7, there is 


=cos (azty) (12) 
i eee 

= — ; if ul : 
¥=tan : F2 F2 27'/2 
a: Sie SN a oleae 
F E (: baled os wu) i : 


‘Substitute equation 12 in equations 10 and 
11 and differentiate to get 


_ cos O12 


GP, cos (arty) 
dP, ae cos yy = 
a. in ( re 
sin (aj2-} 
a -[ y+ cosy | 
. 


4 Pe ations 13 and 14 give the incremental 
_ power losses with respect to the delivered 


power, and, if equations 10 and 11 are 


divided by P2, the actual power losses in 
“her unit of delivered power are obtained. A 
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A Multiplied-Deflection A-C 


Potentiometer 


R. B. MARSHALL ; 


ASSOCIATE AIEE 


HE power required for the operation 

of an indicating instrument frequently 
makes its use prohibitive because of the 
disturbing effect it has on the’ circuit 
being measured. If the measurement is 
in a d-c circuit, the difficulty is overcome 
readily by using a d-c potentiometer. 
In a-c measurements, the indicating in- 
struments have a much greater disturbing 
effect on the circuit, and the use of an a-c 
potentiometer is very desirable. Further- 
more, a-c potentiometers are very useful 
for measuring power in circuits where the 
power is too small to be measured with a 
dynamometer wattmeter. 

Most a-c potentiometers have the dis- 
advantage of being too complicated to 
be used by any but a skilled operator. 
They have the further disadvantage that 
they usually are not offered for sale as 
portable all-purpose instruments. In- 
stead, a special laboratory assembly is 
used for each task to be performed. One 
of these arrangements utilizes a calibrated 
phase shifter. A means of phase de- 
tection must be used so that the scale on 
the phase shifter can be set on the proper 
value. In addition, the potentiometer 
current must be standardized for magni- 
‘tude, and the standardizing process. is 
somewhat more complicated with alter- 
nating current than it is in the case of 
the d-c potentiometer. In another form 
of the laboratory arrangement, a mutual 
inductor is used to produce the quad- 
rature component of potentiometer volt- 
age. In this case, the phase angle between 
two currents must be adjusted to zero, 
and the magnitude of the potentiometer 
current must be standardized. 
on instruments and measurements for presentation 
at the AIEE winter technical meeting, New York, 
N. Y., January 24-28, 1944. Manuscript submitted 
July 9, 1943; made available for printing November 
20, 1943. 

R. B. MARSHALL is associate professor in the school 


of electrical engineering, Purdue University, West 
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The multiplied-deflection a-c potenti- 


ometer eliminates all of these difficulties 


and makes the operation so simple that 
an inexperienced operator can make ac- 
curate measurements with ease. 


field work. _ Very little skill is necessary 
to make the null balance, and the operator 
scarcely can make a mistake in deter- 
mining the results, provided he reads the 
three indicating instruments (voltmeter, 
ammeter, and wattmeter) correctly. 
The designation multiplied deflection 
was adopted because indicating instru- 
ments are used, and their deflections are 


_ convenient multiples of the measured 
quantity. For example, 100 millivolts 


may be read as 100 volts on a 150-volt 


indicating instrument, but the reading — 
then is divided by 1,000,, as indicated — 


on the potentiometer ratio dial. _ This 
potentiometer was developed for the pur- 
pose of measuring the impedance and 
power consumption of circuit elements 
having a fraction of an ohm of impedance. 
The current coil of a watt-hour meter 


was the first circuit element studied, and 


the results were so highly satisfactory 


that the instrument was rebuilt with a 


circuit-changing switch so that it also 
could be used for measuring high imped- 
ances. With this circuit, the impedance 
and core loss of a doorbell transformer 
or small radio transformer can be meas- 
ured easily. High impedances up into 
the megohms are measured as readily 


-as low impedances, and the circuit may — 


be guarded from leakage in the customary 
manner, if it is desirable to do so. Nu- 
merous other applications become ap- 
parent, and some of these will be de- 
scribed later. 

Figure 1 shows the scheme used for 
the measurement of a low-impedance cir- 
cuit element designated as Z;. The four 
terminals (two for current and two for 


simple relation for the ratio of the incre- 
mental to the actual power loss, as was ob- 
tained in case 1, is not evident; so, a nu- 
merical case is given, as in Figure 10, to 
enable a concept to be obtained as to their 
relative magnitudes. From the data in 


Figure 10 it is’seen that the ratio of the! - 


incremental to the actual losses is approxi- 
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‘mately 2 for a large range of values of P2. 


This fact, coupled with the factor 2 obtained 
in case 1, strongly tempts one to draw the 
general conclusion that no matter how a 
circuit is operated with respect to holding 
voltages, the ratio of the incremental to 
actual power losses in'regions of practical 
operation is always approximately 2. 
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The | 
instrument is portable and suitable for 


iyi 


- introduced by the supply voltage. 


60 CYCLES 
15 VOLTS 


_ VARIABLE 
AUTO 
TRANSFORMER 


VOLTAGE 


VERNIER POTENTIAL 


DIVIDER 


_ Figure We 
- selector switch set on LZ, 
_ Measurements 


x, : potential) of Zz are banneeied to the LZ 
es) posts. 
er the 

Py: hectares is connected to a two-circuit 


In the upper right-hand part of 
figure an adjustable-ratio auto- 


shielded transformer. The secondary 


_ winding provides a current through Z, 
in series with an ammeter and the current — 
coil of a wattmeter. This particular 


potentiometer is designed to provide any 


current up to ten amperes, but there is no 
' basic reason why a larger current could — 
~ not be used.. The current through the un- 


known impedance is adjusted to the value 


required for the test at hand. Major 


adjustments are made with the auto- 


au transformer and minor adjustments are 
made with the rheostat marked “current 


vernier.”” As a result of this current, a 


- yoltage drop Ez, occurs across Zz. 
_, In the upper left-hand part of Figure 1, 
another adjustable autotransformer is 


used to supply voltage to a phase shifter. 


_ The phase shifter is a simple uncalibrated 
network which is capable of having its 


output voltage shifted through a little 
over 120 degrees. An iron-core inductor 


_ L is used in this network, and, in addi- 


tion to having a functional part in the 


phase-shifting process, it offers a high 


reactance to any harmonics that may be 
Asa 
result, the wave form of the phase-shifter 
output voltage is as good as, or better 
than, that of the supply voltage. The 


phase shifter is capable of supplying any . 


output current up to one ampere. This 
is more current than is needed by its load, 
which consists of a voltmeter, a watt- 
meter, and a potential divider, but un- 
desirable voltage regulation during sea 
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Potentiometer circuit with circuit- 
Low-impedance 


60 CYCLES 
“5 VOLTS 


VARIABLE 
AUTO 
TRANSFORMER | 


CURRENT 
VERNIER 


justment is thus made negligible. The 


magnitude of the output voltage of the © 


phase shifter is varied with the adjust- 
able-ratio autotransformer and the volt- 
age-vernier rheostat. Major and vernier 
phase- shifting rheostats are provided as 


indicated. A potential divider is used 


in: this circuit in very much the same man- 


ner asa volt box is used with a d-c poten- 


tiometer. The resistors that make up 
the potential divider are accurate to one 
tenth of one Pee cent and are noninduc- 
tive. 

To obtain a null balance the current 
through the unknown impedance is first 
adjusted to the correct value. The volt- 


age (left-hand) autotransformer is then. 
adjusted, until a reading is obtained on 


the upper part of the voltmeter scale. 


A 150-volt range is very satisfactory for 


the voltmeter. The potential divider is 
then adjusted, point by point, until its 
output voltage is approximately equal to’ 
Ez,. Exact balance is obtained by ad- 
justing the voltage in both magnitude 
and phase position, until a zero indication 
is obtained on a null detector. 

Any sensitive detector should be suit- 
able for determining the point of final 
balance. A  cathode-ray oscillograph 
with a gain of 1,000 in the vertical am- 
plifier is quite satisfactory. Since the 


oscillograph is rather cumbersome, an 


electric-eye detector is more suitable for 
a portable potentiometer. Harmonics 
occurring in the voltage across Z, ate not 
balanced by the voltage from the poten- 
tial divider. These harmonics are elimi- 
nated by the use of a filter. It will be 
shown later that this does not introduce 
any error. 
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1 


_ strument readings. 


Cos 6=P/EI= power factor 


obtained 


ammeter | and wattmeter current 


‘oti slebiat ‘ratio p 
The voltmeter and wattmeter 
are then divided by N. ‘The 1 


Let E, I, and P he e th 
Then rs i e 


data. 


Ez,=E/N 

eres 
=E/NI 

nant 


Xzz=Zy sin 0 


As an example of the use of these fo 
jas, assume that the following da 


lk 4 
E =90 volts ry 
IT =5 amperes . : 
P =200 watts — j Be $5? 
N=2, 000 


5X90 , 
Xz_=0.00807 ohm 


There is no eae Ge x a 


circuit that i is independent oft the 7 
circuit, faye 


apitelil is ary in the LZ position hae 
shown i in Figure 1 is obtained. | Figure 2! 
shows the circuit that results when 
switch is set in the HZ position. 
Figure 2 the potential divider is 
nected so that it becomes a curr 
shunt. The unknown impedance i: 
attached to the HZ terminals and 
therefore, connected in series with 
current shunt. A standard’ 0.2- ohm 
inductive resistor R; is in series with 


and the drop across R, is comparec 
the drop across the current shunt. 

In measuring a high impedance 
voltage is adjusted to the value d 
for the impedance at hand. 
the voltmeter reads ae voltage 


Ba) ee a is ‘adguaielan since 

current shunt is turned to the point 
high resistance only when Z, is exe 
ingly na The > current-shunt re 


Livro rd ee | | Pv 


~ b yds i ede a 
60 CYCLES 

5 VOLTS | 

_ VARIABLE 
AUTO . 

| TRANSFORMER: 


PHASE- SHIFTING 
CONTROLS 


_ VOLTAGE 
VERNIER 


Figure 2. Bosenvonretes circuit with circuit- 
selector switch set on HZ. nigh neesenes 
‘ measurements 


. 


are selected so that the error is less than 
0.25 volt. The current through R, is 
set at any convenient value, which causes 
the ammeter to read on the upper part 
of its scale. The current shunt is then 
adjusted until its voltage drop is equal 
approximately to the drop across Ry. 
Final null balance is obtained by means 


of the current vernier aes the potential 


peese shifter. 

- The instruments used are “the same as 
those used for measuring a low impedance, 
and none of the instrument connections 
are altered. The ratio m is the ratio of 
the current shunt resistance to the fixed 
resistor R,. Two engraved scales are 
provided on the ratio dial, and care must 
be taken to read the correct scale. Let 
E, I, and P indicate the readings of the 
instrument 


 Ize=I/n 

ee P7,=P/n > 
Zi OI /T 
BR: = Pn/I*® 

Cos 6=P/EI= power factor | 
Xzz=Z,z sin 6 


_ As an example of a high-impedance 
Measurement, suppose that a small trans- 
former is tested and the following data are 
obtained: 


© E=1185 volts 
4 I =4,5 amperes 


i 


P=160 watts 
4 n =1,000 
 Iz_=4.5/1,000 amperes or 4. 5 milli- 
.: amperes 
Paz =160/1, 000 watts or 160 milliwatts 
: Z,=115,000/4.5 or 25,600 ohms 
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Miscellaneous Applications 


60 CYCLES 
| 5 VvoLTs 


VARIABLE 
AUTO 
TRANSFORMER 


CURRENT 
VERNIER 


190,000 sare 
iL 20.2 os > onms 
160. 
Gos pee UE gia 
OS Eeablet 


Xue = 25,600 X 0.95 = 24,300 ohms 


In Figure 3 the two. adjustable-ratio 


autotransformers are not shown. These 
‘are attached as auxiliary equipment. 
The ammeter and wattmeter are con- 
nected to the posts marked I, The volt- 
meter and wattmeter are connected to 
the posts marked E. High-impedance 
circuit elements are attached to the two 


posts marked HZ, and low-impedance 


circuit elements are attached to the four 
posts marked LZ. The detector is con- 
nected to the posts marked D. The venti- 
lated compartment, mounted in the back, 
houses the phase-shifting network. Three 
fuses (upper center) protect the resistors 
in the current shunt when the circuit of 
Figure 2 is used. The fuses are inserted 
in such a way that the fuse resistance does 
not affect the calibration. 


To measure a low voltage it is necessary 
to connect it only across the two inner 
posts of the LZ terminals. The circuit 
selector is set on LZ, and the balance is 
made without switching on the current 
circuit. No current is drawn from the 
unknown potential at balance, and the 


‘voltage is determined by reading the 


voltmeter and dividing by the potential- 
divider ratio. © 

To calibrate a millivoltmeter when only 
a standard 150-volt, voltmeter is avail- 


| 


able, the standard voltmeter is connected 


to the E posts of the potentiometer. The 
millivoltmeter may be operated from an 


independent source, and the values may 


be measured by connecting from the milli- 
voltmeter to the inner posts of the LZ 
terminals. 

To calibrate a milliammeter when 
only a standard five-ampere instrument 
is available, it is necessary only to insert 
a rheostat with the milliammeter in 
series across the HZ terminals and to 
connect the standard ammeter to the 
potentiometer—-ammeter terminals. 

To measure leading power-factor ele- 
ments of either high or low impedance, or 


to measure the capacitance and power — 


factor of a capacitor, it is necessary to 
make a change in the range of the phase 


_ shifter. As previously stated, the phase 
shifter covers a range somewhat greater a 


than 120 degrees. If a three-phase sup- 
ply is available, the left-hand autotrans- 
former can be connected to either phase, 
and the entire 360-degree range may be 
utilized. The phase shifter in the poten- 
tiometer described covers the range from 
in phase to 120 degrees lagging when both — 
autotransformers are connected to the © 
same phase. If it is desirable to measure 


leading power- -factor elements in a loca- a 


tion where three-phase power is not avail- 
able, the construction of the phase shifter — 
should be altered so that the inductor Ee) 
is replaced by a capacitor. The pine 


shifter will then cover the range from in 


phase to approximately 180 degrees lead- 
ing. The output voltage of the phase 


- shifter then should be filtered to eliminate 3 : 
. 


any objectionable harmonics that are” 


_antplified by the capacitor. 
The impedance and power loss due to” toa 


\ 


leakage and dielectric hysteresis in lead- 


covered cables can be measured in the ‘ 
If itis de- 


same manner as a capacitor. 
sirable to guard the insulated ends of the 
cable, the guard wire should be attached |” 
to ground. 


The application for which this instru- 


ment was originally designed is that of 
measuring the burden occurring on a 
current transformer in a metering installa- 
tion. Since the potentiometer is portable. 
the burden may be measured at the site 
of the installation simply by disconnect- 
ing the current transformer. The trans- 
former then may be removed and cali- 
brated in the laboratory, if a Er ee 


he age is provided. 


iin ultiplied-Deflection A-C Potentiometer 


Sources of Error 


Since the data on the multiplied-de- 
flection potentiometer are obtained from 
indicating instruments, the entire pro- 
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cedure is limited in accuracy to the ac- 


curacy of these instruments. 
grade dynamometers are used, an over- 
all accuracy of one quarter of one per 
cent can be obtained. Errors in the re- 
sistors used in the potentiometer are re- 
duced so that they are negligible com- 
pared with the instrument errors. Insula- 
tion resistance within the potentiometer 
must be arranged carefully to prevent 
leakage across the’ HZ terminals. Since 


the high-impedance values sometimes. 


run into the megohm range, the insulation 
resistance must be in the hundreds of 
megohms in order to realize maximum 
accuracy. If desirable, these leakage 
paths may all be eliminated by guarding 
in the conventional manner. All guards 
should be attached to ground. 

It should. be noted that the transformer 
in the current circuit is shielded and 
grounded. ‘A similarly shielded trans- 
former is incorporated in the phase-shift- 
ing network. This precaution is neces- 
sary in order to prevent capacitance cur- 
rents from feeding through the potenti- 


ometer from one autotransformer to the 


* 


other. 
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Figure 3. Top panel 
view of the potenti- 
ometer, exclusive of 
adjustable-ratio trans- 


and null detector 


The most irritating question pertaining 
to the accuracy of the instrument has to 
do with the handling of harmonics. This 
problem is not peculiar to this particular 
potentiometer. In fact, the problem is 
not a matter of potentiometer accuracy, 


but a question of just what is meant by 


the impedance and power factor of an 
iron-core coil which generates har- 


-monics when a sine wave of current is 


passed through it. 

With reference ‘to Figure 1, suppose 
that Z, is an iron-core reactor. Thé cur- 
rent passed through it is of good wave 
form, because the resistor R is the chief 
impedance in the circuit. The voltage 
drop across Z, probably will contain 
conspicuous harmonics. The voltage 


output from the voltage divider has a_ 


very good wave form. Thus, it may be 


seen that the output voltage from the 


voltage divider is adjusted actually to 
equal the fundamental component of 


voltage drop across Z,, and the harmonics © 
are eliminated by the filter. 


Under this 
condition, the result obtained by divid- 
ing the voltmeter reading by WN is the 
rms value of the fundamental component 
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filter, and the value of current « 


Kennelly, E. Velander.. 
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this voltage arop byt 


a ee It is Sateen to 1 
the harmonics do not cause any do 
about the wattmeter accuracy, fo 
if the harmonics were impressed 


the same. 

In Figure 2 suppose Haat Lig iS ae 
transformer, the core loss and ex 
current of which are to be meastt 
In this case, the voltage across Z, | 
good wave form, but the current through 
Z, will contain pronounced harmonic 
When the potentiometer is balance t 
harmonics are again eliminated by 


mined by the potentiometer is th 
value of the fundamental compone 
ae current. She calculated ¥ 


of sigedances ‘The divided watt 
reading is the true value of power lc 


r 


tie prises facia ‘pied 
isolation between its potential coil Lr 
its current coil. T: ‘hus, the range 0 
pea: is the same as ry ot a ayn | 
‘the 


‘cuales SS aeaee is Pere a 
this calls for major ‘changes in the iti 
circuit design. : 
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Automatic Ticketing of Teledhene Calls 


O. A. FRIEND 
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HERE has recently been placed in 
commercial service in the Bell Sys- 
em a new arrangement of telephone 
switching equipment designed to enable 


elephone users in a metropolitan area 


‘o dial for themselves their calls to nearby 
oints instead of placing them with an 
yperator. This added  central-office 
equipment has the distinctive feature 
that it automatically prepares an indi- 
vidual printed ticket showing the infor- 
mation needed for charging for the call. 
Phe initial installation serves some 8,000 
subscribers at Culver City, adjoining 


Los Angeles. It enables them to dial di- 


rectly, in the same way as local calls, 
their calls to various points within the 
Los Angeles metropolitan area and 
thereby enlarges the scope of their dial 
service, with its attendant advantages in 
speed and convenience. 

This paper describes briefly the func- 
Hons and design of this form of automatic 
icketing, which is designed for use with 
sentral-office switching equipment of the 
step-by-step type. In addition to as- 
ertaining and printing the information 
aeeded for billing, the equipment also 
incorporates features for routing calls 
sconomically through the trunking net- 
work. The plan in some respects re- 
sembles and in other respects differs from 


wutomatic ticketing arrangements de-— 


veloped abroad and used commercially in 


several networks in Belgium prior to the | 


war. : 


Present Methods of Handling Calls 
: uf 
Before describing the operation of the 
lew system it may be well to review the 
resent methods of handling telephone 
alls in metropolitan areas. The methods 
mttlined below are, in essence, those used 


uper 44-49, recommended by the AIEE committee 
communication for presentation at the AIEE 
vinter technical meeting, January 24-28, 1944, 
| York, N. Y. Manuscript submitted Novem- 
er 15, 1943; made available for printing Decem- 
yer 14, 1943. 

). A. Frienp is a member of the technical staff of 
Sell T elephone Laboratories, Inc., New York, N.Y. 
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at Los Angeles, the largest city in the 


‘United States employing step-by-step 


equipment, 

Figure 1 is an idealized map of a metro- 
politan area. The heavy circle represents 
the boundary of the city exchange; in 
general, it includes the closely built-up 
business, industrial, and residential tre- 
gions, but is not identical with the munici- 
pal boundary. The city exchange may 
be divided into zones, shown dotted, used 
for determining toll rates for calls be- 
tween various parts of the city and the 
several suburbs, and in some cases _be- 


Q OUTER 
SUBURBS 


Figure 1. Idealized map of metropolitan area 


‘ 


‘tween the zones of the city itself. ° Sur- 


rounding the city are nearby suburban 
exchanges designated A to H; these may 
be well-separated communities, or may 
practically merge with each other or with 
the city. Farther out are other suburbs 
designated M to T. While such geo- 
graphical regularity is not to be found in 
any actual city, this picture will serve to 
illustrate principles. “ie 
The lines serving telephone subscribers 
terminate in central-office buildings lo- 
cated in the various exchanges. The city 
exchange has anumber of buildings, some 
of which may house as many as five or six 
central-office switching units, the con- 
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ventional central office having a capacity 
of 10,000 subscriber numbers. A subur- 
ban exchange may have one or several 


buildings each with one or a few central 


offices. 
The switching plan for completing calls 


between subscribers in such a metropoli- 


tan area may be visualized by consider- 
ing calls originating in a specific central 
office, for example, one in the suburban 


exchange designated F. Figure 2 shows - 


in simplified form the switching plan of 
such an office. The subscriber lines are 
connected to dial switching equipment, 


which may be regarded as consisting of 
two parts designated “Originating” and 
' “Terminating.” The originating portion 


consists of the switching paths by which a 


call is routed to interoffice trunks. The’ 
terminating portion consists of the switch- 
ing paths by which a call terminating in 


this office reaches the called subscriber. 
Of the calls originated by a subscriber 
in this office the great majority will or- 
dinarily be short-distance calls within 
what may be termed his local charge area, 
that is, the area within which his call is 
counted as one message unit if he sub- 


scribes to message-rate service, or is not 


counted if he pays for flat-rate service. 
This area may consist simply of his own 


exchange or may include certain nearby — 


exchanges or zones. He dials these calls 


directly, if the area has been fully con- 
Such calls, in- 


verted to dial operation. 
the typical case, go over direct trunks to 


the terminating office as illustrated at the _ 


lower left of Figure 2. 
On calls to the more distant exchanges, 
for which there is a toll charge or a charge 


of more than one message unit, the sub- — 


scriber dials ‘‘O” and passes his call to an 
operator. The switchboard provided 
for handling this and certain other types 
of traffic is included in Figure 2, The 
operator may complete the call by one of 
several methods, of which two are ‘illus- 
trated. If the called office is one for 
which there is enough traffic to warrant 
direct trunks, the operator extends the 
call over a direct trunk to that office and 
dials the last four digits of the called 
number, Many of the distant offices, 
however, receive too little traffic from 
this office to warrant an individual group 
of direct trunks and are reached through 
tandem switching equipment lotated at 


Transactions 8&1 


> ae 
 2en 


in ee 


shiek, 


@ », 


ia ee a. 


some central point in the area.? The op- 
erator extends such a call over a trunk to 
the tandem office and dials the complete 
number, thereby causing the tandem- 
_ office switches to select a tandem-com- 
pleting trunk to the called office and the 
switches in that office to complete: the 
- connection. Whatever the method of 
completion, she writes a ticket showing 
the information needed for charging for 
the call. 


Subscriber Dialing of Ticketed Calls 


As previously stated, it is the purpose 
of the automatic ticketing equipment to 
make it unnecessary for the subscriber 

_to place such calls with the operator but, 
instead, to permit him to dial them in the 
same way that he now dials local calls. 
Figure 3 shows in block form the ar- 
rangement of switching equipment in the 
‘originating office when automatic ticket- 
ing of the type to be described has been 

added. In comparison with Figure 2, 
the amount of originating switching 
equipment is increased somewhat to pro- 
vide paths for the added calls completed 
by dialing. The switchboard correspond- 


ingly is reduced. The direct and tandem 


trunks carrying ticketed calls, formerly 
appearing at the switchboard, are made 


~ accessible to the originating switchés 


through added equipment which performs 
the two functions labeled “Routing” and 
“Recording.” 


The recording function presents the — 


more novel features and will be considered 
first. The problems associated with it 


may be brought out by considering the — 


~ form of record which the equipment is to 
produce. : 


Form of Ticket 


Figure 4 shows a mechanically pre- 
pared ticket and a ticket of the type now 
written by the operator. On the opera- 
tor’s ticket the entry below the date is 
the calling party’s number, ARdmore 8- 
2345, given by the subscriber at the time 
he places his call. 
number and the times of end and start of 
the conversation period. The operator 
recognizes the answer of the called sub- 
scriber and the disconnect of both sub- 
scribers by observing the supervisory 
lamps of the cord circuit used for com- 
pleting the connection and reads the cor- 

responding times from a clock at her po- 


' sition whose dials show the hour, minute; 


and tenth of minute. The ticket pro- 
vides space for entering later the conver- 
sation time, obtained by subtraction. 

The automatically prepared ticket con- 
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Below are the called . 


tains essentially the same information, 


shown, however, entirely as numerals in 


order to permit using a simple type of 


printing mechanism. The first entry is 


the calling number, the two letters of 
the office name being shown in terms of 
their numerical equivalents as they ap- 
pear on the dial. The following group of 
seven digits shows to the tenth of an hour 
the time at which the call) was made. 
Next is a group of three digits provided as 
an aid to maintenance; it shows which of 
certain units of common equipment were 
involved in the handling of the call. The 
called number is shown similarly to the 
calling number. 

The, following two digits, though 
age together for space reasons, are 


Figure 2. Typical trunking methods 
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independent. The first is the “‘class of 
service’ of the calling subscriber. In 
some offices optional rates are offered to 
meet the needs of different types of sub- 
scribers, and the arbitrary digit showing 
this class is convenient for accounting 
purposes. ' 

The following digit labeled ‘‘message 
units for initial interval’ is the significant 
entry with regard to the charge for the 
call. The digit 3, for example, may 
represent a toll charge of 15 cents, or the 
addition of three message units to the 
subscriber’s message usage. The equip- 
ment determines this figure from the des- 
tination of the call and the rate schedule 
of the calling subscriber. The figure ap- 


printed on the ticket immediate: 
the subscriber dials his call. 


cause of encountering a “busy” or “d 


tion, Its size is that of the standard 


sae sadek as an pee oe 
_ The information up to this | 


called subscriber — coast 


The time is ere saws as a t 
digit number, but’ provision is ma 
printing additional digits for the rar 
that me 99 munuites. i 
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Figure 3. Trunk ng 
with aw to 
ticketing — ; 


answer,” or for any other reason, no 
versation time is printed and the res 
short ticket is eliminated in the accor 
ing process. 

The arrangement of information on t 
ticket was chosen with regard to conve 
ience of accounting procedures and mini+ 
mizing of holding time of the vario 
cuits involved in providing the inf 


ticket written at long-distance s} 
boards and was chosen for conve 
in handling and filing as well as to pro 
vide space for use with future mechan 
accounting processes referred to late: 


Message Ticketer 


Figure 5 shows photographs of th 
machine, baacties a Nite ae 


1 : 
commutator stops the type wheel, presses 
the paper against the character to be 


printed, and on its release steps the paper — 


forward. A second magnet operates the 
knife. Mechanical simplicity is obtained 
by vesting control in external circuits 
connected to the ticketer when required 
through some 20 connecting leads. The 
printing speed averages about seven 
Bereecicts per sons 


Functional Arrangement af aocce 
Equipment We 


The relationship of the major circuits 
of the ticketing system, one of which in- 
cludes the message ticketer, is shown by 
the functional diagram, Figure 6. Each 
line of this diagram represents the total 
conductors comprising a connecting path; 
the path through the selectors normally 
consists of three conductors (the two 
wires of the talking circuit and a control 
Wire), but other paths may consist of as 
many as 100 or more conductors. The 
symbols above the broken line represent, 


in very condensed form, the existing - 


switching equipment of an office, while 
those below represent the major compo- 
nents of the equipment added for auto- 
matic ticketing. . 
_ The selectors shown above the broken 
line form part of the originating equip- 
ment of Figure 3. They consist of first, 
second, and third selectors which respond 
to the initial two or three digits of the 
called subscriber’s number; these digits, 
which identify the office being called, are 
termed the office code. 
“sponds to a level of these selectors. 
levels corresponding to offices within the 
local charge area are shown connected to 
direct trunks leading to the respective 
offices. The levels corresponding to 
offices for which calls are to be ticketed are 
‘connected to ticketing trunk circuits and 
thence to the direct or tandem trunks over 
which the calls are to be completed. 


Each trunk circuit consists of a group © 


of relays and other telephone apparatus 
‘together with a message ticketer. 
Associated with the trunk circuits there 
is provided a common group, of senders 
whose functions will be described later. 
A sender is associated with a trunk cir- 
cuit during the setting up of the call by 
way of an eight-wire step-by-step switch 
used as a trunk finder. Each sender con- 
sists of some 200 relays and other tele- 
phone apparatus used for controlling 
‘switching and recording operations. 
_ The senders in turn have access to two 
or three ‘identifiers’ which are the heart 
of the ticketing system. The identifier 
has the function of ascertaining the calling 
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Each office corre- - 
The 


number and other equally important func- 
tions having to do with the routing of the 
call. It consists of 400 to 500 relays, 
a number of vacuum-tube circuits, and 
various other apparatus. 

For ascertaining the calling caine the 
identifier requires access to terminals cor- 
responding to the numbers of all sub- 
scribers whose lines terminate in the 
building and who have access to the tick- 
eting equipment. These terminals ap- 
pear on the “‘thousand-number’’ circuits, 
of which there is one for each thousand 
consecutive numbers in the building. © 

Other paths for interconnecting various 
circuits for short periods during the es- 
tablishment of a call are indicated on the 
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Figure 4. Tickets 


diagram. They consist of multicontact 
relays which close through various num- 
bers of wires as required for control and 
interchange of information between cir- 
cuits. 

“Day-and-hour”’ circuits connected to 

the senders control printing of the time of 
placing the call. Various minor circuits 
are omitted for simplicity. 
' The figures in circles show the quanti- 
ties of the major circuits installed at Cul- 
ver City for handling between 5,000 and 
6,000 ticketed calls daily. 


Method of Operation 


The general operation of the system 
may now be traced. A subscriber making 
a call to a point for which a ticket is re- 
quired dials the called number as listed 


inthe directory. Dialing of the office code 


digits causes the call to advance through 
the selectors as on a local call, and to 
reach a level corresponding to the called 
office. This level, representing a des- 
tination for which calls are to be ticketed, 
is wired to a ticketing trunk circuit. 
The trunk circuit causes a trunk finder 


to attach a sender, in which the further . 


digits dialed by the subscriber are tem- 
porarily stored. The sender in turn calls 
in an identifier which performs two major 


Friend—A utomatic Ticketing of Telephone Calls . 


functions. It provides the sender with 
information for routing the call, where- 
upon the sender sends out over the trunk 
the necessary pulses for setting up the 
call through distant switches. Concur- 
rently, the identifier ascertains the calling 
number and furnishes the information to 
the sender. The sender, as an overlap 
with setting up the call, causes the mes- 
sage ticketer in the trunk circuit to print 
the initial information on the ticket. The 
identifier and sender are released when 


their respective functions have been per- 


formed. 
When the called subscriber answers, 
apparatus in the trunk circuit starts 


timing. Finally, when the subscribers 
t 
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MECHANICALLY PREPARED TICKET 


disconnect, the trunk circuit causes its 
ticketer to print the conversation time, 
after which it ts freed for the next call. 


Calling-Number Identification 


Identification of the calling number 
presents some features of interest. As 
shown in.Figure 6, the identifier has ac- 
cess, through a multicontact relay con- 
necting path, to the trunk circuit at which 
the call has arrived. It has access to all 
the thousand-number circuits through 
similar paths. The principle is simple. 
The identifier sends into the trunk cir- 
cuit a signal which finds its way back 


through the selectors to the terminal 


associated with the calling subscriber’s 


number in one of the thousand-number : 


circuits. While sending the signal it 
rapidly scans these circuits, determining 
successively the thousand, hundred, ten, 
and unit digits of the terminal on which 
the signal appears. These digits are 
transferred to the sender, which controls 
their printing on the ticket. 

Figure 7 shows the process in more de- 
tail. The signal used is an a-c potential 
of about five volts at 270 cycles, impressed 
by the identifier on the control wire of the 
path through the selectors; this signal 
does not interfere with the normal func- 
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| 
tions of this wire, nor affect the talking 
cifeuit. Connections of the control wires 
of the subscriber-line equipments to the 
thousand-number circuits are taken from 
terminals associated with the connector 


switches through which subscribers re- 


ceive incoming calls and which therefore 
determine their respective numbers. 
These single-wire connections are cabled 
in numerical sequence to the thousand- 


number circuits, where each terminates 
_ in one contact of a multicontact relay and 
_alsoina capacitance-resistance network. 


One hundred consecutive networks may 
be connected in parallel to a ‘“‘hundred”’ 


coil, and ten such coils are connected to a 
“thousand’’ coil. 
-a-c potential is applied to the control 


Therefore, when the 


wire of the trunk, it follows the control 


wire back through the switches to the call- 
ing line and causes a signal to appear in 
the output winding of the appropriate 
“hundred”’ coil and ‘‘thousand”’ coil. 


Each identifier has ten amplifier—-de- 


tectors which it can connect through the 
thousand-number connectors to ten 
“thousand’’ coils. 
one of them, it registers the digit desig- 
nating that thousand on a group of regis- 


ter relays labeled TH. ‘Through relay 


operations it then transfers its detectors 
to the ten ‘‘hundred”’ coils of that thou- 
sand, The hundred having been found 
and registered on the H register, the iden- 
tifier operates the proper multicontact 
relays of the thousand-number circuit to 
connect those 100 terminals directly into 


the identifier. There it first groups them | 


by tens and finally looks at the individual 
terminals~of the ten, registering the ten 
and unit digits. The record of the number 


Finding a signal in 


tS iy: 
is transferred as received into the sender 
over a multilead connecting channel. — 
The foregoing describes identification 


within a central-office unit of 10,000 — 


numbers. In buildings having more than 
one central office, the identifier first scans 


the central offices in succession, 10,000 or 


20,000 numbers at a time, a second set of 
ten detectors being provided where the 
load warrants. The complete identi- 
fication time averages less anh two 
seconds. . 

The frequency of 270 cycles was chosen 
after a survey in working offices of ex- 
traneous potentials on control wires. 
The time and method of applying the de- 
tectors take account of the transients due 
to switching operations. Interlocks are 
provided to avoid conflicts when two or 
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Figure 5. Message 
_ ticketer (front and 
rear views) — 


more identifiers are proceeding | simul- 
taneously. Check tests indicate irregu- 
larities due to wiring faults and provide 
second trials to overcome any contact 
irregularities. 


Additional features are provided ge 


differentiating between the two subscrib- 
ers on two-party lines. These involve 
arrangements at the stations to produce 
different: electrical conditions on the line, 
depending on which station is making the 


call, and a test of the line by the central- 


office apparatus. Facilities are not now 
being provided for differentiating be- 
tween the stations on four-party or on 
rural. lines, and calls from such stations 
will continue to go by way of the opera- 
tor. Means are provided for preventing 
readily completion of calls through 
ticketing paths from these or other sta- 
tions which for any reason are not to have 
direct dialing, without the necessity of 
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Class Identification 


different types of equipment ass: 


ferent paths reached by the sele 
and are accordingly segregated in 


- a-c path is therefore in parallel with th 


While the identifier is making nt 


distant office reached through tand. 


theses ai: Pibbeie Ai cl 


cree their Tines, in the switch 
a ue ee ae 
» rie ae . 


faTIty 
the first stage of number identific: 
In a telephone exchange various c 
of service may be offered, such as 
vidual and party- -line service with 
message rates, or optional rate schedulk 
differing in the extent of the local c 
area. Some of these classes may 


with the first selectors, or access t 


propriate line groups having a 
corresponding groups of first selec 

To enable the identifier to dis 
between classes, first selectors 
networks of the type mentioned 
associated with their control wires 


these are connected by selector g 
; ” 


‘ 


to the proper ones of a few “‘class”’ coi 
When a connection has been set up, tt 


associated with the subscriber nu 


identification, other detectors. are co 
nected simultaneously to the class c 
The class indication thus ascertainec 
used for governing circuit functions 
for print the class on the ticket. 


Routing Functions 


As indicated in Figure 3, the s 
principal function of the fickotinge q 
ment is to govern the routing of the 
This problem arises because of an : 
ent limitation of the simple step-by 
system with regard to the handling o 
through a comprehensive tandem sys 
Limited forms of tandem opera’ 
possible through judicious choice « 
numbering plan, and in fact such arr 
ments are extensively teed in the Los An : 
geles network. The following, however 
will indicate the nature of the prol 
of handling calls through a | cen’ 


tandem office such as was indica’ ; 


Figure 2. 
Assume that the subscriber is ca’ 


has dialed the office code digits of 
number. These digits have controll 
directly the various selectors and he ave 
caused the call to arrive at a selec . 
level as indicated in Figure 6. ‘Th 
lector level is connected to a trunk 
minating on tandem-office switches bs 
must be supplied with the digits ae iree 
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or directing the call to the terminating tional digits being dialed by the subscriber terminating. offices over the common 
fice; but these are the digits that al- andrepeating them after the callhas been group of tandem trunks and that accord- 
eady have been used up in the selectors extended to the terminating office. ingly a given ticketing trunk may be 
f the originating office. The equipment It should be noted further that, in the reached from a number of selector levels. 
issociated with the ticketing trunks must, originating office, the traffic to the ter- The equipment, therefore, has the prob- 
herefore, be capable of reconstructing minating office we are considering iscom- lem of ascertaining the selector level over 
hese digits, meanwhile storing the addi- bined with the traffic to numerous other which a given call has reached the trunk, 


EN si . 
E ; 1ST, 2ND & 3RD 
CALLING = , gical SIS TICKETING TRUNK ieee 
SUBSCRIBER ce AEN CIRCUIT | AN 
THROUGH LINE =~ a Oe Tae uaes "TRUNK. 
DISTRIBUTING "FINDERS OR = Crimea r MESSAGE 
FRAME LINE SWITCHES ese plcba TICKETER 
r 
i -] SENDER- 
TRUNK = FINDER | “TRUNK 
IDENTIFIER CONNECTOR 
-CONNECTOR _ as 


CONNECTOR SWITCH ged. Gat ay) BON Rees 


THOUSAND 
NUMBER 
cl RCUIT 


ee es 


ITH 


Lah é F IDENTIFIER 


10 
PER 100 : 
| AMPLIFIER- ; 

NUMBERS >) DETECTORS REGISTER SENDER - 

ae a ee IDENTIFIER 


CONNECTOR 
Pe oot 


THOUSAND 

fi NUMBER 

rare CONNECTOR 
: (teed reatori ra | 


PERIO0O0 | 
| NUMBERS 


Figure 7. Schematic diagram 
of number identification 
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‘Figure 8. Ticketing trunk-circuit frames 


as well as the office code digits correspond- 
ing to that selector level. 


Code Reconstruction 


The determination of the digits already 
dialed in reaching the ticketing trunk is 
referred to as code reconstruction. It is 
performed by somewhat different means 
than number identification, partly for 
reasons of speed, since it is the first step 
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Figure 9 (right). “Sendechenicse 
(capacity three senders) 


in completion of the call. Details being 
omitted, the identifier is equipped with a 
number of “‘route relays,’’ which it pre- 
sents to the various entrances of the tick- 
eting trunk by way of the relay connect- 
ing circuit. A d-c signal applied to the 
trunk causes operation of the route relay 
corresponding to the entrance in use. 
The route relay carries contacts repre- 


senting the various digits of the called | 
office code, which can be cross-connected 


arbitrarily so that these digits may be 
given any desired numerical values. The 
routing information thus supplied through 
the route relay operates register relays in 
the sender. 
process requires approximately one-half 
second, rs 


\ 


Translation Features 


The use of route relays in the identifier, 
with arbitrary cross-connections, makes 
it possible to provide translation; that is, 
to send out routing digits which may be 


The code reconstruction - 


_ vide the equipment required for. 


- the call has arrived from the sel 


, 
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entirely different from the office 
digits dialed by the subscriber. Hi 
in areas for which this equipme 
signed, it is generally unnecessary t 


flexibility. Provision is made for dir 
trunking, full or partial tandem 
tion, and the automatic insertion of 
repeaters at the tandem office on cal 
quiring their use. oS 
Automatic Alternate Routing 
— It will be noted that the sender 


the basis of the individual path over 


lector level over different routes; fo 
ample, the first two or three terminal 
the selector level representing a git 
terminating office may be connected 
direct trunks to that office, where 
succeeding terminals may be connec 


sO 
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‘ ' 


4 


trunks to tandem. Calls which find the 
lirect trunks busy therefore will overflow 
nto the tandem trunks. The equipment 
vill provide in each case the appropriate 
outing for reaching the same terminating 


fice. This process is known as automatic — 


ilternate routing. It affords material 
sconomy in the design of the trunk plant 
yecause it permits provision of a small 
uimber of direct trunks used at high 
fficiency and combines the overflow 
taffic with that to other offices over the 
common tandem trunk group, also used 
at good efficiency. 


Nonticketed Calls 


There are cases where economy in 
unk plant can be gained by taking ad- 
vantage of the trunking features of the 
ticketing equipment and routing through 
it certain calls dialed by subscribers or 


operators for which no ‘ticket. need be 


printed. The equipment is arranged, un- 


der control of the class indication, to omit » 


the ticket on such calls, and if the call is 
from a message-rate subscriber, to cause 
operation of the message register instead. 
Trunk circuits which omit the message 
ticketer entirely may be gieioene where 
mecopnical. 


Bquipment Arrangements 


_ Except for the message ticketer and an 


atrangement to facilitate cross-connec- , 


tion changes in the thousand-number cir- 
cuit, the ticketing system employs no es- 
sentially new types of apparatus. The 
relatively complicated functions are per- 
formed by suitable interconnection of 
relays, small electromechanical switches, 
vacuum-tube circuits, and other appara- 
tus of the types commonly employed in 
dial switching systems. — 

The frames carrying the ticketing 
trunk equipment are arranged to bring 


the five ticketers of the frame together 


at a convenient height as shown in Figure 


8. Figures 9, 10, and 11, respectively, 


show photographs of sender frames, an 
identifier frame with the adjacent test 
and trouble indicator frames referred to 
later, and a group of thousand-number 
frames, as installed at Culver City. 


Maintenance Features 

The sender and identifier circuits are 
of considerably greater complexity than 
have heretofore been used in step-by-step 
switching systems. A test circuit accord- 
ingly is provided, capable of verifying 
numerous features for routine tests or 
for locating indicated trouble. In addi- 
tion, there is provided a ‘trouble indica- 
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Figure 10. Froublecindicates 
frame, test frame, and identifier 
frame | 


/ 


tor” patterned after that used in the cross- 
bar switching system. It includes a 
panel with numerous lamps indicating 
various stages of the progress of the call. 


It is brought into play when irregularities 


are detected in the operation of the ticket- 
ing circuits, and the record remains even 
though the second trial features may 
cause the call to be completed satisfac- 
torily. The information assists the main- 


tenance force in clearing out minor : 


troubles before they become serious and 
major troubles with minimum reaction on 
service. 


General Design Considerations 


With the foregoing description of the 
equipment in mind, some of the general 
considerations entering into its design 
may be pointed out. 

_In providing direct dialing to the more 
distant points of a metropolitan area, con- 


sideration was given to the automatic 


ticketing method in comparison with an- 
other method known as zone registration. 


Pees tiniiomante Ticketing of Telephone Calls 


“TROUBLE INDICATOR 
FRAME — 


TEST FRAME 


Te ‘ ite Ue Fe SS & 


_ This plan, which has been used to some 


extent in other dial systems, consists in 
operating the subscriber’s message regis- 
ter more than once on completion of a 
call to a distant zone in accordance with 
the rate schedule, and on overtime calls 
to operate it further for each overtime in- 
terval. One important consideration in 
the Los Angeles area, however, was that 
the percentage of subscribers having flat-_ 
rate local service is relatively high, par- 
ticularly in the suburbs, and for these 
subscribers it would have been necessary 
to add message registers used only for 
recording the multiunit calls. In addi- 
tion, there were circuit problems in ar- 
ranging the existing registers for re- 
peated operation. Aside from technical 
considerations the individua) record pro- 
vided by the automatic ticketing method 
has commercial advantages which in- 
crease in importance as the distance, and 
consequently the charge for the call, in- 
crease. 

The ticketing system has been de- 
scribed on the basis that a subscriber, 
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_Figure'11. Thousand-number frames (capac- 
ity 2,000 numbers per frame) © 


Ul 
me ’ ‘e 
‘ 


is calling from anywhere in the metropoli- 
a tan area, will dial the number as listed 
. in the directory to reach any other sub- 
__ seriber in the area. This arrangement, 


has been adopted as the ultimate plan 
for exchanges included in the Los Angeles 
metropolitan area, now embracing some 
975,000 telephones. This plan, in com- 
ination with automatic ticketing, will 
. give the subscriber a uniform method of 


dialing his calls, as distinguished from » 


__ the use of directing codes to be prefixed to 
_the number on calls between different ex- 
changes of the area. ~ 


' The choice of a numbering plan for any — 


area is, however, a telephone problem in 


! 
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known as a universal numbering plan, | 


i & ae &e = Ok TF 
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itself, and it only need be pointed out 


‘here that the ticketing arrangement has 
capabilities for being used under various _ 


plans. Its use on calls between different 
cities, in cases where the traffic may be 
sufficient to warrant, would require, in 
‘general, some form of directing codes and 
suitable instructions to subscribers, 


‘show tobedesirable. 
Ease of application to existing “aifices 


was a primary factor in design. At Los 


Angeles all the city offices have been con- 


verted to dial operation as have also the © 


majority of the suburbs. The ticketing 
equipment can be added to offices having 
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4 Figure 12. Ticket arranged for ace ueate 


,scanning = —  » 


on 


either line finders or line switches with 


only minor modifications of a few of the 
‘existing circuits. ' 


The technical problems te handling 


ticketed calls are in many ways similar to 
those encountered in handling traffic in 
large metropolitan areas in which crossbar 
equipment is now used.? The tech- 
niques employed in the ticketing system 


have taken advantage of the develop-. 


ments and experience gained with the 
crossbar system. Some of these tech- 
niques may be pointed out. 

The concentration of complicated func- 


tions in a few common circuits has vari-. 
ous advantages but requires high-speed: 
High - 


operation and special safeguards. 
speed is obtained by the use’ of simple 
quick-acting apparatus, chiefly relays of 
ordinary telephone types, and the liberal 
use of wires for interconnection between 
circuits within the building. Connection 


is made through multicontact relays 


which are carefully interlocked. 

Various safeguards are built into the 
circuits for detecting irregularities. To 
illustrate, registration of a digit which 
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case of contact failure or a wirin: 
The 
ticketing plan can be adapted to such ar- 
trangements as further experience may 


ee, so ae if (eae or more an 
closures are received, as may oc 


the condition is instantly reco 
Where possible, the circuit m 
second trial, using other paths if 
able. In any case the irregularity is 
istered on the trouble indicator as : 
in preventive maintenance. : 


Mechanical Accounting ; 


The design of the system provic 
future application of’ mechanical 
ods to the Wibwice. abies © 


now Paicia: it - will print sigs itedee eq 
lents in code marks which can be 
ognized by photoelectric scanning. 
ticket so arranged is shown in Fig 
Other forms of record an 


processes to any degree found econo 
calae ee 


Conclusion _ 
ar ; - _ 
Further application of ticketing equ 
ment will, of eee? have to ava 


useful eee and a basis for 
development in this phase of sok 
phone art. 
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MISCUSSION of fusing practices on 
# distribution systems with numerous 
perating engineers gives the impression 
jat there are almost as many practices 
s there are operating companies. To 
etermine present fusing practices in this 
ountry, a questionnaire was submitted 
2 some 200 operating companies, and 
splies were received from 168, indicat- 
ig a real interest in this subject. The 
ata presented here apply only to systems 
perating below five kilovolts and were 
btained from companies located in all 
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7 10 15 20 25 30 35.40 
MINIMUM FUSE RATING IN AMPERES 


igure 1. Minimum fuse rating employed by 


167 companies 


100 per cent = 167 companies 


arts of the country. All fuse link data 


re given on the basis of N rated links. 
fhe small amount of data which was 
eceived involving 65 per: cent rated 
inks has been converted to equivalent V 
ating. No attempt is made to weigh 


he data by taking into consideration 


he size of the operating company, as it 
s the intention to show engineering 
hought on the subject. 


Jistribution-Transformer Fusing 


‘In order better to understand the data 
btained from’ the questionnaire, the 
itst question asked was, “Why do you 
use distribution transformers?” . The 
eplies show that 80 per cent of the com- 


faper 44-52, recommended by the AIEE committee 
m power transmission and distribution for presenta- 
ion at the AIEE winter technical meeting, New 
fork, N. Y., January 24-28, 1944. Manuscript 
abmitted November 13, 1943; made available for 
rinting December 14, 1943. 


ouN S. Parsons is central-station engineer and 


. M.Watrace is design engineer in the switchgear 


Mgineering department, both with Westinghouse 
Hectric and Manufacturing Company, East Pitts- 
urgh, Pa. ; 
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‘using: Practices on Distribution Systems 
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panies fuse to protect the system from 
the transformer, 59 per cent fuse to 
protect the transformer, 17 per cent use 


_ fuses to indicate the location of faults, and 


16 per cent use them as an isolating 
means. While a number of companies 
gave only one reason for fusing trans- 


caused by leakage currents across the « 


fuse tube. 

The development of repeating fused 
cutouts naturally raises the question as 
to their use in conjunction with distri- 
bution transformers. Most companies 
use only single-shot fuses on their distri- 
bution transformers because of their 
lower cost and the fact that almost all 


internal transformer faults are of a per- 


manent nature. Repeating fused cutouts 


are used with distribution transformers — 
to a limited extent, however, by eight 


per cent of the companies. » 


Table 1. -Operating Companies Using Various Combinations of Transformer and Fuse Ratings 


9,400 Volts ‘Single-Phase or 4,160 Volts Three-Phase Wye 
100 Per Cent=144 Companies ~ 


—— —————— 


——— 


Single- 
Phase 
Trans- 
former 
Rating 
—Kva - : 

(Multiply 1 2 3 5 7 10 
‘by 3 for 

Bank Kva) 


Tapyen Aalenaoy Sate 
3 PE ee 


formers, others gave two or more. Thus, 
as these percentages are based on the 
number of companies, the total will be 
more than 100 per cent. 

The enclosed indicating cutout is pre- 
ferred by 70 per cent of the companies 
for fusing the primary circuits of dis- 
tribution transformers. The enclosed 
nonindicating cutout is preferred by 
22 per cent of the companies, whereas 
only 8 per cent expressed a preference for 
the open type. The majority of opera- 
tors prefer the enclosed cutout at this 


voltage for safety. considerations. Be- 


cause of the relatively close conductor 
spacing and pole-top congestion it is 


almost impossible for linesmen to avoid 
contact with live parts. For this reason — 
it is common practice to insulate as 


much of the equipment and as many 
conductors as is practical. The marked 
preference for the indicating cutout is 
more difficult to explain, as in. the 
majority of applications there is no 
fundamental need for the indicator.. The 
most reliable indication of a blown fuse 
is the telephone of an affected customer. 
However, the indicating cutout has the 
advantage of removing the organic ma- 
terial from across the gap left by the 
blown fuse, thus eliminating trouble 
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Fuse Link Ratings—Amperes 


20 25: 30. . 40) :4 50: 165/285) #106 


FUSE LINK RATING -AMPERES PER KVA, 


Number of Companies in Per Cent i" , 


Because of the wide variations in sys- 
tems and in the locations of fused cutouts 
it is difficult to apply them so as to keep 
within their published interrupting rat- 
ings. It is interesting to note that ex- 


actly 50 per cent of the companies apply 


cutouts at locations where the calculated 


3.0 . Average for 144 


companies 


2,400 volts single- 
phase or 4,160 volts 
three-phase wye 


e426? ; 


15 30 50 75 10 15 25 375 50 
TRANSFORMER KVA. RATING 


Figure 2. Weighted average of Table I— 
operating companies using various combina- 
tions of transformer and fuse ratings 
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Table Il. Operating Companies Using Various Combinations of Transformer and Fuse Ratings 


2,400-Volt Three-Phase Delta 
'100 Per Cent=58 Companies 


f 2 
s 


Single- ; 
Phase 
Trans- ; / 
former in Fuse Link Rating—Amperes 
Rating— ne 
Kva - 
(Multiply 3 5 fe 10 15 20 25 30 40 50 65 85 100 150 200 
by 3 for - - — ; 
Bank Kva) Number of Companies in Per Cent 
Be 2 6 oe OSL dO lede a 4.8 > ‘ 
LO We ath orvalers = B23) 2. ae Lenora nde oO asl a: ua vans: elie d 
shit a ie eS ia La arowld Se lO 092. 4.083, 2% eed ; 
AB oe Roasted Wet rere eRe GSP BOL Ante? Tee Oso cd Sel.. Baud roe 
OT tnestalo iets siete ea eneOn oar aioe Wide By Ons Dias. UeBun yew Soon jalkenema On 
OM atc ee ee enon Pawn 3 74,4 5:6), 2) 10, 8), 14, Ba, BLO. neo 0. wd, 5) 
(Pate, ogee Ae RTD CECI en aie ate SOR eae cL eae eee Bi DOR RD ee ter rece OES 209 On.l2.o 
oT Pee ATS Anperto tar dae tite ay BEY $25 2008. (85 2.142.9. 82. 75.030 


VATA ALA) 
CLCLTAELL TA 


CAL 


NEES 


{ 

| 

| 

Hl 
| 
ae 
Yt | 
ae 
Td 
Tt | 
Yt 
Yt | 
me 
Lee 


Ge 
Ge 
1 


/ a 


SN 
[] 


NUMBER OF COMPANIES IN PER CENT 


| 
| 
a 
| 
mE 
ae 
tT 
Bis 
im 
Y [| 
oe 
a 
wa 
LI | 


GOULBELIZALGLE 
RLLDOLODPDDESD: 


N 
y 


FUSING RATIO-LINK RATING DIVIDED BY, 
FULL LOAD CURRENT OF TRANSFORMER 


Figure 3 ‘Weighted average fusing ratio for 
all ratings of transformers plotted from data of 
Table | 


e 100 per cent = 144 companies 
short-circuit currents are above their | 
ratings. 
Transformer Fuse Ratings 

In general the major factor in deter- 
mining the rating of a primary fuse for a 
distribution transformer is the kilovolt- 


ampere rating of the transformer. How- 
ever, in the case of small transformers, up 


40 


30 


-NOT INCLUDED 


NUMBER OF COMPANIES IN PER CENT 


MAXIMUM NUMBER OF LINE SECTIONALIZING 
| FUSES IN SERIES 


nw 


Figure 4. Line-sectionalizing practice em- 
ployed by 123 companies 


100 per cent = 123 companies 
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Table III. Operating Companies Using Various Combinations of Translermer and Fuse 


face type for each transform 


_ systems. 


Ye eco 
tions of transformer and 
The highest percentage valu 


This table applies to 2,400- 
_ phase or 4,160-volt three-phas 
It is interesting to not 
the old rule of “one ampere per kiloy 
ampere’ is followed. rather — 
- throughout the table except in the 
the smaller transformers. Here the rik 
has: been dropped in favor of a 


average of the table has been plo’ 
Figure 2. This figure brings out | 
the fact that’ the smaller transfort 
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to five kilovolt-amperes or even larger, 
other factors usually control the fuse 
rating. The question was asked as to the 
minimum-size fuse link used on the sys- 
tem and the factors determining it. 
Lightning, transformer rating, and me- 
chanical strength were the factors most 
frequently mentioned. The practice as 


to the minimum fuse rating employed is 


shown in Figure 1. The range of values 


is even wider than can be justified by 


variations in local conditions and jin- 

dicates a lack of consistent practice. 
Table I gives the percentage of operat- 

ing companies using the various combina- 


> 


Table IV. Operating Companies Using Various Combinetions ol Transformer and Fuse Rati , 
4,800-Volt Three-Phase Delta ek ae g 
100 Per Cent=13 Companies 
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particularly the 1.5 and 3 kya, are. 
much higher than the larger ones. 

The weighted average fusing ratio f 
ratings of transformers has been 
from the data of Table I and is sh 
Figure 3. The ratio of the mini 
‘melting point of the fuse link to the 
load current of the transformer ) 
twice that shown in the figure, 
these data are based on N rated 
Similar data gathered about ten y 
ago are plotted in dotted lines. C 
paring the data of the present ques 
naire with the previous data indi 
desirable trend toward higher fu 
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Telephone-Influence Factor of Power 


Systems With Rectifier Load 


C. W. FRICK 
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N the planning of rectifier installa- 
tions it is often desired to study the 
fect of the rectifier on co-ordination with 
mmunication systems. The telephone- 
fluence factor! (TIF) is used in such 
udies as an index to the effect of dis- 
rtion of the voltage and current-wave 
apes on the inductive influence. Both 
tage arid current TJF are involved, 
cause there are two types of induction: 


Electric induction which depends upon 
© power-circuit voltage. 


Magnetic induction which depends upon 
e current. 


he current TIF is usually multiplied 
7 the current in amperes, and the 
Benet 3 is designated by I- T. In some 


per 44-14, recommended by rie AIEE commit- 
4s On communication and power transmission and 
‘tribution for presentation at the AIEE winter 
shnical meeting, New York, N. Y., January 24-28, 


44. Manuscript submitted October 25, 1943; -, 


ude available for printing December 6, 1943. 


WwW. Frick is in the general engineering laboratory, 


‘neral Electric Company, Schenectady, IN a 


cases of existing exposures, neither the 
voltage TIF nor the I:T product is 
significant, and the inductive effects in 
such exposures are negligible. In other 
cases one or the other or both factors are 
significant in connection with existing 
exposures, as illustrated by Table I. 
The study of rectifier circuits and 
power-system characteristics at harmonic 
frequencies has made it possible to obtain 
fairly good estimates of voltage and cur- 
rent TJF with rectifier operation, but 
the usual process is rather lengthy. This 
involves the calculation of system im- 


pedance for-at least eight harmonic fre- | 


quencies,” the harmonic analysis of the 
rectifier current wave*4 to obtain these 


eight or more harmonics, the weighting 


and summation of harmonic currents to 
get current 7/F, the calculation of har- 
monic voltages from the values of current 
and of system impedance, and the weight- 
ing and summation of harmonic voltages 
to get the voltage TIF. 


\ 


stribution transformers. 
hich were given in terms of. the 65 per 
nt rated fuse links has been converted 
the present N rated links, and this 
plains the reduction in the width of the 
rs. One factor probably contributing 
the increased fusing ratio is the change 
method of rating fuse links. This 
tomatically would increase the fusing 
tio if the use of the same link ratings 
re continued. 

Since the information contained in 
ible I applies to the majority of dis- 
bution systems, it has been given 
aphically in other forms in Figures 2 
d 3 to bring out trends and factors 
lich are not readily apparent from a 
ble. Similar data are given in Tables 


Til, and IV for other systems and ~ 


s subject to the same treatment. | 

All companies replying use primary 
sed cutouts. Figure 3 shows the fusing 
ios to be such, in most cases, that low- 
pedance secondary faults near the 
wisformers will be cleared by the 
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primary fuses. I 
fore, to find that only 12 per cent of the 


~companies use fuses in secondary leads 


of some of their distribution transformers. 
Line Sectionalizing 


The questionnaire revealed that 85 


| per cent of the companies use cutouts for 


line sectionalizing.' Of these, 54 per cent 
use them on the main feeders, 76 per 
cent on the three-phase branch feeders, 
and 83 per cent on single-phase laterals. 


The repeating cutout is most popular on 


the main feeders where 50 per cent are of 
this type, as contrasted with 41 per cent 


on the three-phase branches and 37.5 


per cent on the single-phase laterals. 
About 70 per cent of the cutouts used for 
line sectionalizing, regardless of their 
location, are of the enclosed indicating 
type. Beyond the agreement that line 
sectionalizing is desirable, however, there 
is very little uniformity of practice. This 
is illustrated in Figure 4 where the maxi- 


Frick—Estimating Telephone-Influence Factor 


This paper describes a short-cut 
method of estimating the voltage and cur- 
rent TJF at the point where the rectifier 
is supplied, eliminating mostof tke steps 
just described by the use of curves based 


- on average values of the factors involved. 


The method asstimes that the supply sys- 
tem has an inductive reactance at har- 
monic frequencies, and the effect of 
resonance was neglected. The method 
does not give results that are close enough 
to justify its use in place of the detailed 
method where a thorough study is neces- 
sary, but, in most cases where it has been 
tried, it has given values that are near 
enough to test values to be representa- 
tive, as will be shown later. In a com- 
plete study of an inductive co-ordina- 


tion problem it may be desirable to 


estimate the voltage TIF and I-T prod- 
uct at points on the power system re- 
mote from the rectifier location, and the 
method described herein is not generally — 
suitable for this purpose, except where 
the power system is relatively simple. In 
more complicated cases the use cf the 
more detailed methods is suggested. 

The method has been set up so that 
it can be applied to rectifiers with 
various numbers of phases, including 6, 
12, 24, and up to 72 phases. The trend 
toward larger numbers of phases for the 
larger rectifier installations®4 may be 
seen from Figure 1 which represents some 
recent rectifier installations with a com- 
bined rating of over 2,000,000 kw. This 
group does not include all of the large 


It is not surprising there- 


mum number of line-sectionalizing fuses 
employed in series, between the source 
interrupter and the distribution-trans- 
former fuse, varies from one to eight. 
In those cases where the use of seven and 
eight fuses in series was indicated, it is 
probable that the source interrupter and 
the transformer fuse were included. If 
this is true, these cases should appear in 
the bars for five and six fuses. Z 

A large amount of material can be 
found in the technical literature dealing 
with this subject, and much of it is of 
real value. It is recognized that this is a” 
problem to which the most satisfactory 
solution can be found only by combining 
operating experience with theoretical 
analysis. The data included in this paper 
indicate that much of the present fusing 
practice is based principally upon operat- 
ing experierce without sufficient engineer- 
ing interpretation. Further study of this 
problem should result ultimately in 
better system performance with fewer 
ratings and simpler devices. 
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_ more phases. 


INSTALLATIONS 


12 24 36 48° 60 72 


- AVERAGE KW RATING 
OF INSTALLATION 


& 


T TOTAL 


ELATIVE KW 


i 


2 24 3% 48 #60 72 64 


installations but is believed to be rep- 
resentative of installations in service or 
under construction. Most of these in- 


_ stallations are 36 phase,.and the average 


installation rating for 36 phases is about 
100,000 kw. It may be noted also that 
there are some installations with 72 or 


' This paper deals only with the TIF 


and does not consider other factors that 


are significant to inductive co-ordination. 
Some of the other factors are discussed in 
reports on the subject.”” 


The method described here is appli- 


cable to a-c systems and not applicable 
to d-c systems which are supplied by 
rectifiers. The treatment of the d-c case 


by methods already in use” is usually a 
_ fairly simple procedure. 


Description of Short-Cut Method 


This method of estimating voltage TIF 
makes use of'a factor designated here as 
the rectifier to supply ratio R/S, be- 
cause voltage TIF depends on the rela- 


tive power capacities of rectifier and 


Table I. 


Type of Circuit 


4 
PHASES 


4 
PHASES 


Significance of Various Influence Factors in Existing Exposures 


Figure 1 (left). Phase 
arrangements used in 
26 rectifier installa- 
tions, 10,000 kwand 


larger 
108 


] A. Number of in- 
stallations using each 
phase arrangement 


~B. Average kilo- 


A 

REGTIFIER LOADS 
ReRECTIFIER KW 
| Se TOTAL STATION. 
CAPACITY, KVA A 


watt rating of instal- 
lations for each phase 


< | 


arrangement 


C. Relative total 
kilowatts for each 
phase arrangement 


CONTRIBUTION TO VOLTAGE TIF 


a: 
SS 


o.! 


10 ay } ee TEST . 
PHASES > A POINTS 


source. In the case of a rectifier supplied 
directly from a generating station, this is 
the ratio of the rectifier kilowatt rating 
to the combined generator kilovolt- 


“ampere rating. When this ratio is used, — 


the TIF is read directly from a curve 
sheet, such as that shown in Figure 2. 


The curves were calculated by as-: 


suming a supply station of a certain 
kilovolt-ampere and voltage, having a 
reactance of ten per cent referred to the 
fundamental frequency, on the rated 
kilovolt-amperes and supplying a rectifier 


of average characteristics. A range of 


rectifier kilowatt ratings was assumed, 
extending from one tenth of the supply- 
station rating up to the full station rating 
(ratios of R/S from 0.1 to 1.0). This in- 


cludes some conditions which were used 


for calculations but may not apply in 
practice to all of the phase arrangements 
covered; for instance, a generating 


station would not be loaded with 6- or © 


12-phase rectifiers up to its full capacity. 
The rectifier current was analyzed on a 


percentage basis by the methods avail-. 


able.*4 Harmonic currents in amperes 


_ Significant Factor 


: Exposure to Main Exposure to 


Power ' Communication Rectifier Feeder Branch Line 
Atoatton.. EBD OF os cainine aie bs Either open wire 
GL CADIE) wis ok cies Inductive effects generally negligible 
Dike: Overhead lines...... Cable*(follymy asc steir Inductive effects generally negligible 
ae ey Overhead lines...... Cable (local): ..2%Ai<'5. I-Tt MS Saran V-TIF* in some cases 
Dy ese Overhead lines...... Open'wire® © 5i207% -& V-TiIF and I-T.......: V-TIF: 


* Y-TIF Voltage TIF. 


{ I-T Product of current times TIF. . 


This table is based on Table 6 of the Edison Electric Institute report.7 
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cent figure, to obtain the harmonic 


_voltages were weighted and combi 


be the same. 


_ reduced in proportion to R/S and 
_ be represented by a straight ling 


Sx 
IN SX 
HRQREAEYSY 


Figure 2. Curves for estimating voltage T 
60-cycle systems with rectifier load, 
_ more phases Ly 

Some of the test points were‘taken w 
TIF meter in common use which is based 
1919 weighting network (see refere 
Figures in circles opposite test point: 
number of rectifier phases 


were obtained by assuming equal 

of rectifier and power-station 
(R/S=1.0) for the initial calcul 
These currents were multiplied by 
station reactance, based on the ten 


ages on the station bus. These harm: 


the root-sum-square rule to obta vj 
TIF which was plotted at R/S=1.0° 
Figure 2. This TIF value woul cor 
out the same for any assumed kilov 
amperes and voltage, because the 
monic currents and the reactance 
obtained on a percentage basis. 
values of the ratio R/S less than 1.0 

rectifier operates at its own full load, ane 
the percentage harmonic currents would 
Starting with the sami 
station kilovolt-amperes, the reac 
would be the same, but the curren’ 
amperes would be proportional to 
ratio R/S. Hence, the TIF woul 


Figure 2. This neglects the effe 
station reactance on the current 
shape which is unimportant in these 
proximate estimates. _ | 

Calculations were made for each num 


Figure 3. Curvesfor | 


a . ha estimating _ voltage é 
, bed < TIF, 60-cycle sys- % 
ee tems with rectifier 2 
: ; at POWER: SOURCE 
4 load, six phases $ 
= 350 xd > a ” 
3 WN The test points were g 
B LENS taken with Ti/F meter <8 | LINE REACTANCE 08 OHM 
— 300 £ N 7 m A = 3 PER MILE AT 
Es] incommon usewhich w F 60 CYCLES 
” is based onthe 1919 7 «@ ; 
3 weighting network ¢ bit 
3 200 (see reference 1) g 
~y fe) 
a 3 


aie x : 6 7 
TEST © RECTIFIER To "system" Ratio R/ 
POINTS s 


ber of phases, and a curve was plotted. 
It may be noted that the curves of Figure 
2 are drawn as zones which cover a 
range from about ten per cent above 


to ten per cent below the calculated TIF per cent reactance referred to 60 cycles. cent of the line voltage at 60 cycles. — f 
values. This implies that estimates Allowance for other per cent reactance Figure 4 gives curves for lines up to E 
made from the curves are not expected values can be made, as illustrated in one ten miles long at 4 kv and 13 kv, from a 
to be closer than ten per cent, even ifthe of the examples given later (see example which values of line kilovolt-ampere can 

' 


simplifying assumptions which have been 
made are valid in the case under con- 
sideration. If the conditions differ 
-taterially from those assumed in. pre- 
paring the curves, or if resonance be- 


- than ten per cent. 


Figure 4 (right). 
Curves for estimating 
line kilovolt-amperes 
7 for R/S ratio of 
Figures 2 and 3 


the same bus is used. The procedure for 
rectifier load at some distance from the 


source is described in a paragraph which 


follows. The curves are based on ten 


i. 

The total TIF of the, station-bus 
voltage may be estimated by taking the 
square root of the sum of the squares of 
the rectifier contribution and the system 


When the rectifier is at some dis- 


MILES OF LINE 


tor for the voltage TJ F at the rectifier. 


The curves of Figures 2 and 3 may be ap-— 
plied to this case by using line kilovolt- — 


ampere instead of station kilovolt-am-. 
peres. 
which would produce a reactive volt- 
age in the line equal to ten per 


be obtained. For other voltages the 
kilovolt-ampere value may be obtained — 


by reading the kilovolt-amperes from 
one of the curves and multiplying by the 


square of the ratio of actual kilovolts” 


plied by the ratio of the assumed length 


This is the kilovolt-ampere load — 


_ tween elements of the supply system isan TIF without the rectifier. If the system to kilovolts on curve. Also, for other e 
important factor, the estimates may differ TIF is not known, an average value may lengths of line the kilovolt-amperes may __ 
from the actual results by much more be estimated from Figure 2. be read for an assumed length and multi- < 

it 


tance from the supply station, the line 


to the actual length. After the R/S a 


reactance may be the determining fac- ratio has been obtained, the curve is used , 


+++ + ere 
| NVA 
CET er 


hi Voltage TIF of 60-Cycie Systems — 


_ The curves of Figures 2 and 3 apply 

to 60-cycle systems and cover all of the — 
<ommon phase atrangements. The TIF 

values are based on the 1935 weighting 

<urve.! Estimates of TIF are made in 
_ the following manner: When the recti-_ 

fier is close to the supply station, the 
_rectifier-to-supply ratio R/S is obtained ' 
by dividing the rectifier kilowatt rating = 
by the total kilovolt-amperes of the sta- & 

tion. The estimated voltage TIF at the 3 
station is read'from the point on the — er 


curve sheet corresponding to R/S and 
the number of phases. This is the con- 
tribution of the rectifier of the total 
TIF. Sometimes it may be desirable to 
state that the estimated TIF is between 
the two values indicated by the: zone. 
The procedure just described applies to 
rectifier load close to a generating station, 
a substation tied in with a larger power 
‘system, or a station which combines 
these two conditions, in which case the 
combined kilovolt-ampere rating of gen- 
erators and transformers which feed into 


S84 
| QS 


Figure 5. Curves for estimating ‘80 
voltage TIF, 25-cycle systems ae 
with rectifier load 60 


The test points were taken with 
the TIF meter in common use 
which is based on the 1919 
weighting network (see refer- 
ence 1). Figures in circles ©, \daedd 
opposite test points show num- 
ber of rectifier phases 


DIOS eS eT AS Seaes ; 

Z SSS SSS 
< See See Oe ns q 
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TEST RECTIFIER TO “SYSTEM" RATIO g 
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TEST POINTS @ 


TEST POINTS © 


(1919 TIF METER) 


CURRENT TIF 


CURRENT TIF 


PHASES 


Figure 6. Chart for estimating TIF of rectifier 
input current, 60-cycle systems 


Some of the test points were taken with the 
TIF meter in common use which is based on the 
~ 1919 weighting network 


as already described. Sometimes both 
the line and the station reactances are 
determining factors. In such cases a 
value of kilovolt-amperes is determined 
which gives ten per cent reactive voltage 
_in the line and station combined. This 
can be shown best by means of an ex- 
ample given later (see example 4). 

The curves were calculated on the basis 
of inductive reactance. In power sys- 
tems with cable circuits or extensive 

_ overhead lines, capacitance is a factor. 
In some cases resonance occurs at certain: 
harmonic frequencies which may increase 

. or decrease the voltage T7 F. The method | 

described here does not allow for reso-. 

mance. The more detailed methods pro- 

vide for taking resonance into account 

when necessary, but some approximations 
_ are involved. ; 

Some rectifier installations have provi- 
sion for adjustment of the output voltage 
by means of phase control (or grid con- 

trol). If the range of adjustment is 

small, 7/F values from the curves will 
be close enough in most cases. If the ad- 
justment by phase control is over five 


- 


PHASES 


per cent, the voltage TJF may be in- 
creased in the order of 2 to 1. One of 
the references? gives some limited test 


data on this point, and another® gives © 


some calculations on effects of phase 
control. 
The available measured values of TIF 


‘have been plotted on Figures 2 and 3 for 


comparison with the curves. Most of 


‘these values have been published.»7 A 


majority of the 19 test points are within 
or reasonably close to the proper zones. 


The points farthest from the curve are 


three points for the 12-phase rectifiers 


where the measured values are 1.6 to 2° 
These 
tests. were made on overhead systems, | 


times the values from the curves. 


where resonance conditions existed, and 
increases of this order would be eXx- 
pected. 


Voltage TIF of 25-Cycle Systems 


The curves of Figure 5 apply to 25- 
cycle systems and correspond to those of 
Figures 2 and 3 for 60-cycle systems. 
They were calculated on the basis of ten 
per cent reactance referred to 25 cycles. 
When the voltage 7IF is to be cal- 
culated at a rectifier which is at some 
distance from the supply station, values 


of line kilovolt-amperes may be ob-- 


tained from Figure 4, which is for 60 


' Table Il. Estimates of Voltage TIF for the Conditions of Example 3 
Rec- Number Generating TIF 
tifier of Phase Combination Assumed Station Component 
(Kilo- 24-Phase Arrange- for Calculation ~ Kilovolt- ES forEach TIF for 
watts) Units ment (Values of R) Amperes (S). Ss Group Combination 
AU 000.0%). 5 7 Se 24 -tet-phase ik’ =40) 000) ..22 S0}000%.. 051 2 Poa eee 60 
40,000...... gah a Rae — 48 ....48-phase R=40,000 ..... 80000), el) BM Saat oe ks enti? 
[13,1810 Ch eer, cates cage aie 48 and 24... .48-phase R=60,000 ..... 805000)... 0.75. se. ae 53... 60 
P 24-phase -R= 20000) 5925 nu oa. sere O22 0m aes 238 
60,000). 2529 De ee oo 72 ....¢2-phase R=60,000 ..... 30, 000 RAO ab! A ee peer. 13* 
, 80,000...... ie 48 ....48-phase R=80,000 ..... UGO000'. 455, JO outa nee Ge 35 
BOOOO. <i ye ae 72 and 24...:72-phase R=80,000 ..... UBO/O00 a. Oro. oe, ee Laie so 20* 
=) 24-phase R=20;000)...,200 2p. eee OM 25h er 15 
100,000...... ae en os 72 and 24....72-phase R=100,000..... 1600005 232.063 Foe QD ehuegcie eg 30* 
Sa 24-phase R=40,000 ............0.0% (Deda mere eer, P 28 
POG OG) ws a8 Braga 48 and 24....48-phase R=100,000..... 160,000....0.63 ..... AOR fia ene. 
24-phase R=20,000) sang Asda. nbs OF12 50a aye 33 
120;0005....... Gy nae 48 ....48-phase R=120,000..... LOO:0005 5% 0.75 Soon ee serene eee 
120,000...... Gi. seis. Bear 72 ..72-phase R=120,000..... VGO{OOO Re SOE ian ee ere one hauls 


* Arrangements for minimum T7/F. 
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we at 
= 80 

ia 

« 60 

« 

=) 

rz) 


_ the rectifier current in amperes, in 


from the chart. The available test d 


on 25-ceycle systems, 


Figure 7. Chart! for estimating TIF of er er 
input current, 25-cycle systems om 


The test points were taken with ve TIF mel 


weidhting oT (see reference p 
cycles, and multiplied by 2.4, the r 
of 60 to 25. This conversion is necess: 
because reactance voltage is pro 
tional to frequency. The available fee 
measurements on 25-cycle systems ha 
been plotted on Figure 5, and thei 
agreement with the curves is comparable 
with the 60- cycledata. : 


Current TIF of 60-Cycle Systems — 
‘ ,, 

The charts in Figure 6 give approxi 
mate values of current TIF, based on 
1935 weighting curve, for rectifiers or 
60-cycle systems. The same phase ar- 
rangemetits are covered, as in Figures 2 
and 8, for voltage TIF. The shade 
areas allow for the spread between diff 
ent circuit conditions. The estim: 
I:T product is obtained by multiph 


a-c line supplying the rectifier, by the ‘ 


from the sources referred to under . 
voltage TIF have been plotted on the 
charts for comparison with the cal. 

culated values. Reasonable agreem 
is shown in most cases. Phase con 
may increase the current 77 F when 
voltage adjustment is more than 
per cent.”8 


mate values of current TJF for rectifier 
They correspc 


HO KV INTERCONNECTED 
SYSTEM 60 CYCLES ~ 


- 
‘4g 
_. 


~ 110 KV Bus 


TWO TRANS 35,000 KVA EACH 


8 % REACT + 
13 KV BUS =. 
OTHER E:- apa 

RECTIFIER LOAD LOAD Figure 8. Circuit 
45000 KW dliastemforexcitnaaay : 


1and2 


36-PHASE 


ELECTRICAL Bones 


GENERATING STATION 

30,000 KVA 60 CYCLES 

REACT, FOR HARMONICS 10 % 
REFERRED TO 6O CYCLES 


13 KV 
OTHER 
: LINES 
L2 MILE 

LINE 


13 KV 


Figure 9. Circuit dia- 


RECTIFIER LOAD 
gram for example 4 


3000 KW. 
J2-PHASE 


RELATIVE VOLTAGE TIF 


0.3 04 05 0.6 0.7 


RECTIFIER TO"SYSTEM' RATIO g 


0.2 


to those of Figure 6 for 60-cycle systems. 
The available test data for 25-cycle sys- 
tems ate indicated by test points. ; 


‘Illustrative Examples 


0.8 


mhe examples phack follow are given 


for the purpose of showing how the data 
in this paper might be applied to specific 
rectifier situations. 


_ EXAMPLe 1 
It is desired to estimate the voltage 
TIF on the 13-kv bus of the station shown 
in Figure 8 which supplies 45,000-kw 
rectifier load, 36 phase. The system TIF 
without rectifier load is 15. 
_ The station capacity is 70,000 kva with 
eight per cent reactance. Since the 
eurves are based on ten per cent re- 
actance, we use 70,000X10/8=87,500 
kva. Then R/S=45,000/87,500=0.52. 
With reference to Figure 2, the TIF for 
86 phases corresponding to R/S=0.52 is 
between 32 and 40,:or about 36. The 


"over-all TIF at the bus is V/36?+15?=39. 
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In a test on a 36-phase rectifier, where 
the rectifier kilowatts and the station- 
transformer kilovolt-amperes were in the 
same ratio as in this example, the meas- 
ured TIF was 34 as compared with the 


calculated value of 39. 


EXAMPLE 2 


The voltage TIF on the 13-kv bus of 
example 1 is to be estimated with one 
sixth of the rectifier plant shut down. 
This is one of the six six-phase groups 


Figure 10 (left). 
curves for estimating voltage TIF 


60-cycle systems with rectifier 
load. For ordinates see Fig- 
ure 12 


u | 
- ! 
- | 
a | 
5 | 
w i] 
5 I 
< | 
iy Ay 

12 
PHASES 
Figure 11 (right). Tentative 


chart for estimating current TIF 

with proposed weighting curve, 

60-cycle systems with rectifier 

load. For ordinates see Fig- 
: ure 12 


x a ) 


‘ 
of which the36-phase installation is 
composed. The 36-phase connection 
suppresses all of the six-phase harmonics 
up to the 35th and 37th, The vector 
sum of five units is therefore equal in 
magnitude to one unit for these har- 
monics. The 35th and 37th harmonics, 
however, are allin phase. If it is assumed 
that the full load is being carried by the 
five units, the combination will be 
treated as a 36-phase rectifier of the total 
-rating and a superimposed 6-phase recti- 
fier of one fifth of the total capacity. 
For the 36-phase component 


R_ 45,000 _ 
i ais 87,500 
TIF=36 from Figure 2 
For the six-phase component 


ae 1 sia 000 _ 
Ss ~ 5 87, 500 | 
TIF=40 
Total rectifier contribution to 7[F ' 
= 36?X40? =54 


Over-all TIFat bus = 54?+15?=56 
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_ Tentative 


with proposed weighting curve, - 


RELATIVE CURRENT TIF | 
| 
x 


- 


If the six-phase group is removed, 
the TIF thus increases from 39 (example 
1) to 56. 

In the test referred to in example 1 
the measured TIF, with one six-phase 
unit shut down. and the other five carry- 
ing the station load, was 61. This is 
slightly higher than the calculated value 
of 56, possibly because phase control was 
being used to some small extent to equal- 
ize the division of load between the recti- 
fier units. 


EXAMPLE 3 


In a preliminary study of a proposed 
rectifier installation, it is desired to esti- 
mate the effect of several combinations 
of rectifier units and phase arrangements. 


PHASES 


Each unit is 20,000 kw, 24 phase. The 
initial installation is to be 40,000 kw 
(two units) supplied from a station of 
80,000-kva capacity. A third unit is to 
be added later. Still later the generating 
station is to be increased to 160,000 kva 
and three more units added, one at a 
time. The frequency is 60 cycles. Since 
the generator reactance is not known, it 


- is assumed to be ten Wes cent for har- 


monics. . 
Several combinations of 24, 48, and 72 
phases might be used. Combinations, 
such as two units combined to give 48 
phases and one additional 24-phase unit, 
are treated as follows. Since the 47th 
and 49th harmonic components are addi- 
tive, a 48-phase rectifier of the full 
kilowatt rating (the combined rating of 
three units) is assumed and its TIF 
contribution taken from Figure 2. The 
additional contribution of the 24-phase 
unit is controlled mainly by the 23rd 
and 25th: harmonics, and its value is 
taken from Figure 2 for the rating of 
the 24-phase unit. The two components 
‘are combined as the square root of the 
sum of the squares. The calculations 
and the results are shown in Table II. 

The preferable combinations from the 
standpoint of obtaining as low TI F 
values as possible are indicated by the 
asterisk. These combinations are 48 
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phase for two units (initial installation), 
72 phase when the third unit is added, 72 


phase and 24 phase with four and five 
units, and finally 72 phase for the whole 
The conversion | 


installation of six units. 
from 48 to. 72 phase when the third unit 


_ is installed could be provided for in the 
beginning by furnishing phase-shifting 


~ 17,50030,000 


transformers with suitable taps to reduce 
the phase displacement. 


_ EXampie 4 


With reference to Figure 9, it is desired © 


to estimate the voltage TIF at the station 
bus A, the rectifier bus B, and the J:T 


| TIF CORRESPONDING TO DOTTED 
LINES ON FIGS. !0 AND Il 


TIF WEIGHTING FACTOR FOR 1000 CYCLES 
FROM PROPOSED CURVE ar 


Figure 12. Scale of ordinates for Figures 10 


_ and 11 corresponding to various proposed 


_ scales for new TIF weighting curve 


product for the rectifier feeder AB. The 
rectifier rating is 3,000 kw, 12 phases, 


and the generating-station rating is. 


30,000 kva. 
miles long. 

To estimate the T/F at the station bus 
A, the ratio R/S=3,000/30,000=0.1 is 


The rectifier feeder is 1.2 


used. If we refer to es 2, the TIF 


is about 30. 
To estimate the TI F at pou B, the 


; following calculation is made: 


‘line kilovolt-amperes=17,500 for 1.2 mile 


line (from Figure 4) 
station kilovolt-ampere =30,000 
total kilovolt-amperes for S at ten per cent 
is then 


=11,000 
_ 47,500 


With eta to the curve for 12-phase 


rectifiers in Figure 2 the 7IF is ap- 
proximately 80. 
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_ TIF at.a rectifier supply point. 


er A i Pes 


To estimate the i T proeiet for the 
feeder, the current TIF is about 225, 
from Figure 6. The line current i is 


3,000 


=————_ = 133 amperes 
L73X13 P 


Then ‘ 
I-T =133 X225 =30,000 approximately — 


In a test where the ratio of rectifier 
kilowatts to station kilovolt-amperes 


and the ratio of line reactance to generat- . 


ing-station reactance were about the 
same as in this example, the measured 
TIF at the rectifier was 65. Also, the 


measured I-T referred to 13 kv, since the. 


line voltage was different, was 42,000, 
Conclusion Sad 


Herein is described a practical short- 
cut method of estimating power-system 
It is 
based on previously demonstrated meth- 
ods of calculating harmonics produced 
by rectifiers together with certain simpli- 


fying assumptions as to the characteris- 


tics of rectifier and power circuits. The 
results are reasonably consistent with test 


data. The method should be useful, es- 


pecially where a number of conditions 
have to be investigated in a preliminary 


study, since it requires only a few minutes — 
_ to make the calculationsforeach condition 
when the pertinent data are at hand. 
' The results may be useful also for check- 
ing other calculations. 


The method is 
applicable to the arrangements of 24 or 


more phases that are being used for large 


rectifier installations as well as to the 


6- and 12-phase arrangements used for 
In a co-ordination 
study the 77F has to be considered in 


the smaller stations. 
combination with other factors, such as 


the type and location of circuits. This is 
pointed out in the introduction. 


» Appendix 


Recent tests on telephone equipment have- 


resulted in a new frequency weighting curve 
for message circuit noise.2 A proposed 7/7 F 
weighting curve based upon these data has 
been agreed upon as to shape. The magni- 


tude of the peak or other ordinate has not ' 


been decided upon yet. The next step in 
the program is to make studies of electric 
apparatus and systems with the object of 


| Frick—Estimating Telephone-Influence Factor 


Tih Efect “hick nee Fromeccal rer 
would have on the calculations dese 


curves of voltage’ TI F for 60-cycle systems 


following manner: First, the weighting 


1935, pages 1307-15. 


Zielinski. 


in the paper. d 
The establishing of the pee of | the 


ing relative TIF for various" numbers 
rectifier phases. Figure 10 shows a set « 


with rectifier load which is similar =) Fig 


ordinates ; are not dare paper a sca 
of ordinates can be drawn for any gi 
weighting curve of the required shape in 


tor for 1,000 cycles is read from the propo 
weighting curve. Then reference is mad 
Figure 12 which gives the 77 F correspo: 
ing to the dotted line AA on Figure 
The TIF corresponding to any other « 
nate can be obtained by proportien, or 
ordinate scale can be graduated hea: 


EG E. ‘the Sidinates are not marked, TT. 
values corresponding to any given weightin: 
curve of the required shape can be obtain 
with the aid of Figure 12 as already 
‘scribed. It is believed that these curv 
will be helpful in studies of the propos 
TIF with reference to rectifier installati 


i 
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The Functions at Ground Beterice in 


Carrier-Current Relay Schemes 


: S. C. LEYLAND 


MEMBER AIEE 


LMOST all of the more common 
present-day carrier relay systems 
employ a feature known as ground pref- 
erence which enables the ground relays, 
during faults involving ground current, 
to take preference over the phase relays 
in controlling the starting and stopping 
of the carrier signal. 
tem conditions which require. this feature 
are not well understood, nor is it gener- 
ally understood that under certain con- 
ditions ground preference can cause 
trouble, or that even in some cases phase 
preference is “‘preferable.” It is the 
purpose of this paper to discuss, in 
general, the reasons for and conditions 
pertaining to the preference feature. 


The specific sys-_ 


/ 


The most common type of carrier relay © 


system now in general use is the inter- 
mittent carrier system employing dis- 
tance-type relays to control carrier, 
carrier being transmitted only in the 
unfaulted line sections to block tripping. 
There are two variations of this scheme; 
one using a three-zone impedance relay 
to start and stop carrier by circuit-closing 


contacts, and another using a three-zone 


‘reactance relay to start carrier by a cir- 
cuit-opening contact and to stop carrier 
by a circuit-closing contact. These two 


atrangements are shown in Figure 1 in. 


only enough detail to illustrate how the 


preference feature is obtained. The cir- 


cuit-closing arrangement is shown in 
Figure 1a. Closure of the phase or ground 
‘start contacts connects the cathode of 
the master oscillator tube to battery nega- 
tive, which is the condition for oscilla- 
tion; and opening of the stop contacts 
returns the grid to the nonoscillating 
condition. The phase start contact is 
operated by a fault-detector impedance 


element and the phase stop contact is 


operated by an element whose coil is 
energized by a second impedance element 
whose contacts are in series with the single- 


phase directional-element contacts. The 


Paper 44-51, recommended by the AIEE committee 
‘on protective devices for presentation at the AIEE 
“winter technical meeting, New York, N. Y., Janu- 
ary 24-28, 1944. Manuscript submitted Novem- 
ber 18, 1943; made available for printing December 
14, 1943. f 
‘S. C. Levianp and S. L. GotpssporoucH are both 
with Westinghouse Electric and Manufacturing 
Company, Newark, N. J. Mr. Leyland is relay 
sectioti engineer iri the meter engineering depart- 
ment, and Mr. Goldsborough is design engineer. 
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ground start contact is operated by an 
overcurrent element with a low current 
setting while the ground stop contact is 
operated by an auxiliary element ener- 
gized from an overcurrent element with a 
high setting, whose contact is in series 


-with the ground directional contact. 


It is evident from this diagram that the 
ground relays can start,and stop carrier 


regardless of the position of the phase 


contacts. . Also it is clear that a phase 
preference could be obtained by inter- 
changing the position of the phase and 
ground start and stop contacts and that 
no preference is obtained by paralleling 
the phase and ground start contacts. 
Figure 1b shows the schematic connec- 
tions for the reactance-relay carrier sys- 
tem. Carrier is started by opening any 
one of the voltage-restrained fault-de- 
tector contacts, thus removing the carrier 
control lead from battery negative which’ 


is the carrier-transmission condition. — 
Carrier can then be stopped by the closure 


of the phase stop contact which is oper- 
ated by a single-phase voltage-restrained 
directional element. Carrier is started on 
ground faults by the opening of the 
ground start contact on a low-set over- 
current relay and is stopped by the closure 
of a high-set overcurrent contact and a 
directional contact. It is clear that the 
ground relays have preference in con- 
trolling over the phase relays. Also, 
phase preference or no preference can be 
obtained by ‘the proper regrouping of the 
contacts. — 


There are a number of system condi- 


tions presented to the relays during faults 
involving ground current which may 
cause failure to block through carrier 


~ unless steps are taken to prevent such 


action. The ground-preference feature is 
one of these steps. Fundamentally, the 
trouble results from the fact that during 
single-phase-to-ground faults, and es- 
pecially during two-phase-to-ground 
faults, both the phase and ground relays 


respond. It is possible that, under cer- 


tain conditions, the ground relays will 

see an external fault as such, whereas the 

phase relays may view the situation as 

an internal fault. On the other hand, 

under certain other conditions, the phase 

relays may view the situation correctly, 
9 
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* conditions. 


iy 


but the ground relays may not see the 
correct picture. 


An example where the phase relays 


may see a fault as internal, whereas it is — 


an external fault, correctly seen by the. 
ground relays, is the case where the cur- 
rent fed through a line section to an ex- 
ternal fault is mostly zero sequence. 
Figure 2 depicts a condition of this kind 
which has been made extreme for sim- 
plification. For a single-phase-to-ground 


‘fault on the line out of substation D, 
- power is fed from station B to the ground- 


ing bank at A, and zero-sequence fault 
current is fed over all three phase wires 
in the line section C—D to the fault as is 
shown by the solid arrows. A power 


source at E would feed current over only © 
one phase wire in the line from C to D. 
While the conditions shown are not — 


typical, in that a grounding bank has its 
power source at another point in the 
system, the conditions on any grounded 


system will approach the aforementioned — 
That is, any transmission — 


line between a source of power and a 
grounding point will carry in-phase fault 
currents on all three phase wires. The 
application of carrier relays to the line 
section C-D requires consideration of 
this fact. An examination of the action of 


single-phase directional elements reveals 


that under the aforementioned conditions 
the carrier signal at D is liable to be re- 
moved incorrectly by one of the phase 
relays. Since carrier is removed cor- 
rectly at C by the ground relay, failure to 


block on the external fault results. It is” 


evident that if star currents are used on 
the phase directional relays the three 


single-phase directional elements at D 


cannot all indicate the same direction 
since the currents in all three are inphase 
but the voltages are considerably out of 
phase. 
As will be easily seen from Figure 3, 


OSCILLATOR 
TUBE 


CT tie 


PHASE PHASE GROUND 
- av Hey 


CONTROL 
GROUND START 


X puase sTOP 


Figure 1. Schematic connections of ground- 
preference arrangement 
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which depicts the voltages and currents 
applied to the relays at location D, direc- 


tional elements with a watt characteristic _ 
and a 30 degree connection, for example, . 


will indicate both directions. That is, 
the A-phase element using J, current and 
Eca voltage will open contacts for a close 
in external fault; also the B-phase ele- 


ment will open contacts and the C-phase 


element will close contacts. 
In view of the foregoing it can be stated 
_ that-any type of single-phase directional 


“ i : Cc 


element used for the purpose of con- 
trolling carrier will cause failure to block 
tripping for external ground faults under 
one or another of the conditions met with 
on a grounded power system. 

The preceding is discussed on the basis 
that star current is used on the direc- 


tional element. However, a carrier sys- 


tem using single-phase watt-type direc- 
tional elements energized from delta 
current gives-a different answer. It is 


evident that the delta connection of © 


currents (Figure 4a), wherein the A- 
phase element receives I,4-Ip, the B- 
phase element receives IpJg and the 
_C-phase elements receive Ig-I4, com- 
pletely cancels out the three inphase 
zero-sequence currents represented by the 
solid arrows, and the directional elements 
receive no fault current. . 
the delta-connected directional elements 
will respond to load current, 
if, while the external ground fault 
in Figure 2 exists, load current flows 
from station D to station C, carrier 


blocking will not be accomplished since 


the ground directional relay at C removes 
carrier and the phase directional elements 
' at D also remove carrier. 

As far as the aforementioned directional 


action in removing carrier on external 


ground faults can be eliminated by the use 
of a ground-preference connection such 
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However, 


and,” 


* Ta= Ig I Cc 
elements are concerned, the incorrect - 


p 


as shown in Figure 1. There it is obvious 


that the incorrect indication of the phase 


directional elements on ground faults is of 


no concern since the ground relays can 


start and stop carrier regardless of the 
phase relays. The facts brought out in 
the foregoing yield some pertinent ob- 
servations. Hf star currents are used in 
the phase directional elements the ground- 
preference feature definitely is needed, 
since the elements give false directional 
indications because of the flow of zero- 


* 


. 


Flow of fault current on a 
grounded system. 


Figure 2. 


TO SOURCE OF 
POWER. 


sequence fault currents. Furthermore, 
the incorrect indication of the directional 
relay on zero-sequence fault current is 


augmented by the flow of load current» 


in the opposite direction. In other 
words, load current flowing from station 
D to C on phase C adds more or less in- 


‘phase to the zero-sequence fault current 


from station C. 

Phase directional relays using delta 
currents require the ground-preference 
feature only because of the possible flow 
of load current opposite to the zero- 
sequence fault current. . 


(a). For minimum ~ 
voltage collapse 


(b). « For maximum 
voltage collapse 


Cc 


(b) 
Figure 3. Current and voltage relations at 
sation D ’ 
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bank E to the fault are shown by 


‘current merely supplies more ope 


is seen from Figure 4b where I, ( 


D) with Eo,’ and Ip= —I, with Ego give 


is seen that the load current on phase 
current J. 


wrong direction unless the load 


.matic diagram of the 


So far, consideration has been giv 
‘only to the zero-sequence fault curre 
from the grounding bank A as represent 
on Figure 2 by the solid arrows. 
any actual power system, however, 1 the 
may be a flow of positive-, negati ve-, 
and zero-sequence current from anott 
source of power such as the transfor m 
bank E, The line currents flowing fron 


dotted arrows. ‘Note that the bank # 
fault-current contribution in section ) 
flows only in the faulted phase A. 


has in connection with the use of 
ground-preference feature. When 
current is being utilized, it is quite 
dent that the directional response fe} 
three directional elements is not at 
changed, since the additional pha 


torque to the phase-A element and de 
not affect the incorrectly respome 
phase-C element. 

On the other hand when the directic 
elements are supplied with delta curret 
the fault current on phase A from b 
E causes the A-phase and C-phase di 
tional elements to open contacts. T. 


resenting current flow toward sta’ 


opening torque. The flow of 100 
cent-power-factor load current from s 8 
tion D to C is represented by the st 
currents inside the triangle CA’B, and 


is substantially opposite to the fault 
This means that the phase, 
directional element cannot operate in 


Figure 4 (a). Sche- 


delta connection 


Figure 4 (b). Wee- 
tor relations A 


ue 


/ 
/ 
if 


vy 


| 
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sredominates over the phase-A fault 
urrent which is supplied by the bank E. 
towever, fault current does not appear 
n the phase-B relay, and, therefore, its 
lirectional element may close contacts 
yecause of load current. 

Heretofore, only the directional element 
las been discussed. However, present 
lay distance-relay carrier systems 
imploy a distance-measuring element to 
upervise the directional element. In 
me system a separate impedance element 
22 has its contacts in series with the 
lirectional. element to stop carrier and 
omplete the trip circuit through the re- 
eiver relay contacts. Another system 
ises voltage restraint on the directional 
lement to accomplish the same purpose 
ffectively. 

It is now necessary to see how ae. use of 
he supervising distance element affects 
he requirement for ground preference. 
f the case where the directional elements 
eceive delta current are considered 
rst, the impedance elements would 
Iso receive this same current, and the 
ffect of the impedance element is as 
ollows: If all of the fault current from 
* to D is zero-sequence current, the relay 
t D is subject only to load current, and 
f can stop incorrectly carrier trans- 
nission for load current flowing from D 
0 C only if this load current is high 


nough to reach the pickup point of the 


mpedance element at the voltage exist- 
mt during the fault. 
round fault on phase A, for instance, the 
oltage on A-phase and C-phase imped- 
mce elements may be anything between 
he limits of normal for a distant fault 
© 58 per cent of normal for a close-in 
vault. In order to close the phase-B 
elay contacts the load current would 
ave to operate against full normal volt- 
ge. Ordinarily, the setting of the 
upervisory impedance element would be 
onsiderably above the maxima load 
urrent. : 


When the additional fault current flow- 
ig on phase A only isconsidered, the condi- 
ions for incorrect operation of the relays 
t station D became even more difficult 
9 attain. As was seen previously, the 
mult current on phase A causes the C- 
hase relay to act correctly and counter- 
ets the effect of the load current. The 
nly condition where phase-C relay 
ould indicate the wrong direction would 
e for the load current from D to C 
) be larger than the fault current on 
hase A. A slightly predominant load 
irrent could reverse the phase-C direc- 


onal contacts, but in order to operate. 


le supervising impedance element the 
redominance would have to be con- 
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_ normal. 


‘For an external — 


siderably greater than this to reach the 
pickup of the impedance element whose 
voltage is ‘greater than 58 per cent of 
The action of the phase-B 
relay must ‘also be considered even 
though, as is seen from Figure 4a, it 
receives no fault current. However, there 
is load current in phase -B relay, but to 
get incorrect action out of this relay, 
the load from D to C must reach the 
pickup of the impedance element which 
has full normal voltage, and, of course, 
this is impossible. " 

In the case where star current is used, 
the addition of the distance-measuring 
element to supervise the directional ele- 


ment does not lessen materially the 


chances for incorrect operation. As was 
shown previously, the zero-sequence fault 
current on phase C may be of sufficient 
magnitude to operate the distance ele- 
ment since the restraint voltage may be 


Figure 5. Sche- 

matic diagram of sys- 

tem requiring phase 
preference 


+ acare K 


reduced to 58 per cent of normal. Fur- 
thermore, this element may also be sub- 
ject to zero-sequence fault current plus 
load current, and under these conditions 
it is quite possible that the phase-C 
relay will try to remove carrier. 

The fault current from bank EF, Figure 


2, which flows only on phase A would, 


of course, have no effect on the phase-C 
relay. 

The preceding considerations lead to 
these conclusions: 


1. If the phase directional and distance 
supervising elements use star current, then 
ground preference definitely is needed to pre- 
vent incorrect removal of carrier on single- 
phase-to-ground faults because of the flow of 
zero-sequence fault current on the unfaulted 
phases and also because this current adds 
to the load current flowing in the opposite 
direction. i 


2. If delta current is used, then ground 
preference is required only if the through- 
fault current is all zero-sequence current 
and the load current in the opposite direc- 
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tion is large enough to reach the pickup 
value of the supervising impedance element 
at 58 per cent of normal voltage. Such a 
set of conditions is comparatively rare, and, 
therefore, if delta current is used, ground 
preference can be eliminated in order to 
take care of other conditions if necessary. 


While, heretofore, the ground-prefer- 
ence arrangement has been used in most 
carrier installations with good results, it 


nevertheless has, upon occasions, been 


desirable to have some other form of pref- 
erence, One instance where the ground- 
preference connection causes trouble is 
the case of a two-phase-to-ground fault 
involving a high ground resistance. Here 
the ground current may be between the 
_ pickup values of the ground-tripping over- 
current element and the ground carrier 
start overcurrent element, in which case 
carrier is put on by the ground relays 
but not taken off, thus blocking the phase 


relays from high-speed tripping, and the 


4-S1-F 
F 7 


TRIP 


TRIP OPEN 


OPEN TRIP OPEN 


Hanae 


fault must be cleared by time-delay back- 
up action. This undesirable action can 
be, and actually has been, eliminated by 
removing the overcurrent element from 
the carrier stop circuit and making the 
removal of carrier by the ground relays 
dependent only upon the ground direc- 
tional relay. This, of course, requires 
that the sensitivity of the ground direc- 


tional relay be the same as that of the — 


overcurrent carrier start relay. How- 
ever, the sensitivity of the carrier stop 
element cannot be made too great, other- 
wise failure to block will result on ex- 


ternal phase faults where system un-, 


balances may produce enough spurious 
ground current to cause the sensitive 
ground-carrier stop element to operate. 

While the ground-preference connec- 
tions have been used extensively in 
carrier relay system, heretofore, it should 
be realized that there are certain system 
conditions which require phase-relay 
preference rather than ground prefer- 
ence. A specifie instance where phase 
preference is required is the case of simul- 
taneous ground faults in different line 
sections. 
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Influence of Improved Magnetic Alloys «: 
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on Design Trends of Electrical 


| elie Instruments 
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Synopsis: Small panel-type electrical indi- 
eating instruments are recognized as an 
important component in radio, electronic, 
and power control equipment, which is so 
essential in all military and naval operations 
Such 
‘instruments are requiredto be small, com- 
pact, light in weight, and reliable measuring 


devices; and one of the major factors in the 


realization of these requirements is the ef- 


ficient utilization of improved magnetic — 


materials for permanent magnets. 


. This paper describes properties of a new 
magnetic alloy and compares its character- 


istics with other permanent-magnet ma-- 


terials used in small panel electrical indicat- 
ing instruments of the permanent-magnet 
moving-coil type. The use-of a new cobalt- 
molybdenum-iron alloy as a permanent 
‘magnet material in an indicating instrument 
and its influence on design trends are dis- 
eussed. Theresulting improvement in over- 
all instrument performance by the use of 
this new material is summarized, with par- 


ticular reference given to mechanical factor 
_ of merit which is a measure of instrument | 


reliability. be. 


HE use of new and improved per- 
manent-magnet alloys which have 


‘been developed during recent years 


J. M. WHITTENTON 


ASSOCIATE AIEE 


probably has influenced the design trend | 


of electrical indicating instruments more 
than any other one factor. For given 
sensitivities, instruments have been made 
available which are more sturdy and re- 
liable, and instruments of higher sensi- 
tivity have been made possible by the 
use of the newer alloys. Relatively 
higher coercive force Hc and high residual 
Br materials are now available that are 
readily machined and use a minimum of 
critical materials, factors which are of 
particular importance in high production 
designs for wartime applications. ; 
Characteristics of Permanent- 
Magnet Alloys 


_ The properties of 11 commercially 
available permanent-magnet alloys re- 
cently published! are shown in Table I. 


Paper 44-31, recommended by the AIEE committee _ 


on instruments and measurements for presentation 
at the AIEE winter technical meeting, New York, 
N. Y., January 24-8, 1944. Manuscript submitted 
November 10, 1943; made available for printing 
December 3, 1943. | 


M. S. Witson and J. M. Winter aN ton are engineers 
in the electrical-instrument section of the General 
Electric ager West Lynn, Mass. 
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On systems grounded through an im- 
pedance it sometimes happens that a 


_flashover to ground on one phase may 


; by “open” and trips 


_ is held on by the ground relay. 


immediately cause another flashover on 
another phase in another line section. 


Analysis of the action of directional 


ground relays under these conditions 
shows that the directional indication at 
several locations may be incorrect. The 
situation is depicted schematically in 


Figure 5, and it is seen that, for a ground 


fault on phase A in section FG and on 
phase B in section JH, one ground relay 
in each section except DE as indicated 
operates incor- 
rectly. If carrier relaying with ground 
preference were applied to this system, 


incorrect operation would result in both — 
In section FG the phase 


faulted sections. 
relays at F would remove carrier but 
would be blocked by carrier from G which 
(Block- 


100 ‘TRANSACTIONS 


\ 


ing of carrier transmission by the fault 


is an exception). In section JH the same 


action would occur. If the carrier con- 
nections were changed to give preference 
to neither the ground relays nor the phase 
relays, then correct tripping would occur 
in the faulted sections because the phase 
relays would clear the faults. However, 
carrier blocking would not be obtained 
in section LK, since the phase relays 
would remove carrier at L and the ground 
‘relays would remove it at K. If pref- 
erence were given to the phase relays, 
correct action in all sections would result, 


since the phase-relay directional indica- 


tiohs are correct, and the distance ele- 
ments easily can be set to respond to this 
type of fault. 


Conclusions 


1. The necessity for the ground-preference 
feature in carrier relay systems depends, 
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cooling, subsequent grinding, dri 


after which they are hardened and th 


energy of 295,000 to 320,000 (BH n 
_ mum energy) are typical values for t 


teenth of an inch punched from sheet na 


‘to a large extent, on the renee of curre 


ments, replacing the unalloyed car 
steels previously used. | These a 
possess fair machining qualities and ¢ 
be fabricated by either hot-forgin 
punching into various sizes and shap 
but they are inherently low in avai 
energy and require a relatively | 
ratio of length of magnet to length 
gap. Magnets from these materials are J 
quently manufactured from presh 
rods or bars, cut to length, heated, 
formed to the required shapes while 
by the use of special equipment. Af 


and machining operations are perfor: 


gap accurately ground. A typical finis 
magnet is shown in Figure 1A. . 

Soft-iron pole pieces are then used 4 
provide the correct flux distribution Bal 


tern. Figure 1B shows a typical ma 
and pole-piece assembly. a 
Low coercive forces He in the ord 


magnetic characteristics of these alloy 

Some magnets which are used for s: 
panel-type instruments are made fi 
these materials in the form of laminati 
of thicknesses of approximately one 


terial to final shape in conventional di 
and stacked to desired height after hare 


\ 


connections used in the phase relays. 


ae When star currents are used in the pt 
relays; the ground preference fea 
definitely is needed during the flow of f: 
current and load current. 


3. If delta currents are used in the 1 
‘relays, the ground-preference feature 
needed only in cases where the fault curr 
is all zero sequence and extreme load 
rents are present. 


4, Phase preference is required on syste 
subject to simultaneous grounds in differei 
line sections, and if delta currents are 
the phase-preference connection fe feast 
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Table |. Properties of Commercial Permanent-Magnet Alloys 
rs : ! Coercive Residual BXH - 
: Typical Composition ' Force Induction (Maxi- Mechanical Commercial Methods 
Alloy (Per Cent) (Hc) (Br) mum) Properties of Fabrication 
F ; : ae 
1. Chromium magnet steel....... 43.0 Crs A Cs remainder, Fé 75), cans. Bs ee Pec 9,000.... 295,000..Hard and strong. .Hot forge, punch and machine 
2, Tungsten magnet steel......... FO Wis bao remeaizidery Fe) vam av ivate es sic 70......10,300 320,000. . Hard and strong. . Hot forge, punch cast, machine 
3. Cobalt (86 per cent) magnet ‘ ? 
ARTIC RS IES RA Aa ee EFI: 36 Co; 3.5 Cr; 1 C; gacencat He wvier B10 cies 9,000. 930,000. . Hard and strong. . Hot forge, punch cast, machine 
4, ‘(Cobalt—nickel-copper alloy Eig Page AYMOy Mat Nae CGO: CU! ae aries deca tee 440.2200. 5,200"... 993,000... Ductile... 02.6.2 Cold-roll, machine, punch cast 
a 5. Iron-nickel-copperalloy........ 20 Fe; 20 Ni; 60 Cu..... alse sO tiee tea ASU). f sates 5,300; «...1,070,000:.. Ductile: .. 2.1.5.5 Cold-roll, machine punch ~ b 
6. Comol vere alloy, Riaiiin Ks Ae nr Co; 17 Mo; remainder, Fe......... Dae Naty os 10,300. ...1,100,000. Hard and strong. . Hot forge, punch machine, cast 
SPP RNAICO LIV) cre oresacelc oes ite crete x 12 Al; 28 Ni; 5 Co; remainder, Fe..... ZOO. Stans 5,200....1,250,000..Hard and brittle. . Cast, sinter, or grind > 
8. Alnico RET? SSR Sno n nono nnn 12 Al; 25 Ni; remainder, Fe......;...400...... 7,100...,1,330,000..Hard and brittle. . Cast, sinter, or grind . 
9. Alnico Dove tete.<\ ey wlaker castes bath aie -..12 Al; 20 Ni; 5 Co; remainder, Fe..... BO Qvarestestes« 7,100....1,330,000, .Hard and brittle. .Cast, sinter, or grind . 
10. Alnico Dp Se ee BR aaa is a ciliele 10 Al; 17 Ni; 12.5 Co; 6 Cu; remainder, Fe 540...... 7,200....1,650,000.. Hard and brittle..Cast, sinter, or grind f 
mi MAlnico Vi, «os. Shr: Geter roan 8 Al; 14 Ni; 24 Co; 3 Cu; re- : j 
4 : ; : MASMMMEE eee or ue a tididteartaste cidkoaher Diane tae 12,000....4,000,000..Hard and brittle. . Cast, grind : e ” 
d ‘ . * 
” ; 3 


ening and finishing. Warpage during heat 
treatment, variations in dimensions, and 
_ changes in the value and distribution of 
the flux are sources of difficulty in this 
type of magnet. A magnet of this con- 
struction is shown in Figure 1C. While 
this type of magnet design affords low 
cost, the strength is usually somewhat 
less than that obtained with the ay 
magnet construction, 

With this construction soft-iron paid 
pieces, although not always used, are 
desirable to insure permanence of the 
flux pattern in the armature gap, since 


any changes in flux pattern may affect 


_ the instrument accuracy. 

From a mechanical standpoint, it is 
Peuaity more difficult with built-up con- 
struction to maintain accurate and per- 
_ manent alignment and relationship of 
_ the various parts of the element assembly 
than with the solid magnet construction. 
_ Increased sensitivities of instruments 
were made possible by the use of cobalt 
alloy steels as 
Pierre Weiss of Zurich, Switzerland, in- 
vestigated this material in 1912, and it 
_ was later reduced to practice by P. H. 


‘Brace of the United States and Honda 
of Japan in an alloy having about three 


times the coercive force H and about 
equal to the residual B found in the 
chromium and tungsten steel alloys. For 


the past 15 to 20 years, this material has 
been used in instruments, providing a 
means of producing higher sensitivities. 
It has been used in forged and cast forms . 
and is most attractive from the stand- 


' , 


Figure 1. Forms of chrome-steel magnets 
bt: A. Formed and machined 

ss B.. Pole pieces added 

7, 


“_ C, Laminated construction 
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a 


permanent magnets. 


point of high coercive force H of about 
210 with total energy (BH maximum) of 
900,000 but its inherent high cost limits 


its use primarily to the higher-sensitivity 


instruments where the chrome and tung- 


sten steels are unsatisfactory. 


The foregoing materials are all steels 
which require quenching in oil or water 
at high temperatures in order to develop 


properly their magnetic qualities. 


Further phenomenal advances have 
been made in recent years in strength of 
permanent-magnet materials by the de- 
velopment of the aluminum-nickel-co- 


balt iron (Alnico) alloys which are of, 
particular interest to the electrical-in- — 
 strument designer because of their high © 


values of coercive force and available 
energy as shown in Table I. These ma- 
terials are characterized in electrical- 
instrument design by their relatively 
large cross section and short lengths of 
magnetic section to air-gap ratio, as has 


N 


Figure 2. Sintered 
Alnico magnets 
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‘qualities. While a material of this ag 


been previously shown,” and are highly 
resistant to demagnetizing fields because 

of their high coercive force Hc. While the : 
Alnico materials have been used widely as _ 
instrument magnets, their manufacture 
is restricted to only two methods, 4 
namely, sintered process, and casting and :: 
grinding. The first process is usually” 


restricted to relatively small designs some- _ 


times found ideal for damping magnets — 
and the like, as shown in Figure 2, while is 
the second process is used for the produc- 7 j 
tion of the majority of Alnico magnets. it 


ty 
Cobalt-Molybdenum-Iron Alloys As 
Spine to D-C Instruments canal 


Le 
2 


The ideal magnet from the cotpcmel 
of the instrument designer would be one 
having high coercive force, residual in- J 
duction, and available energy, and which | 
had good machining and fabricating 
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having magnetic characteristics equal to 
those of the Alnico group is not commer- 


cially available, an approach has been - 


_made in the cobalt-molybdenum-iron 
alloys more commonly known as Comol, 
_as covered in Dean reissued United States 
patent 20800. 

‘With the advent of Comol (ty pical 
composition: 12 per cent cobalt, 17 
per cent molybdenum, remainder iron) 
a new material was made available which 
contains a minimum of the critical metals, 

' such as cobalt, which could be cast easily 
and, when properly heat-treated, could 


be drilled, milled, and machined readily © 


Figure 3. Small panel indicating instrument 
utilizing cast Comol magnet 


by conventional methods. As a result, 
_ accurate machining dimensions permit the 
degree of precision which is required to 
‘utilize this material ey in instrument 
_ magnets. 
A coercive force He of about 245 is ob- 
tained as compared with 210 for 36 per 
cent cobalt with a residual induction Br 
of 10,300, higher than either 36 per cent 
cobalt or Alnico II, and a maximum 
energy value of 1,100,000 as compared 
with 930,000 for 36 per cent cobalt and 
1,650,000 for Alnico II. 
A modification of the Comol magnet 
material described heretofore but con- 


- 


Figure 4. Basic element of permanent-magnet 
moving-coil instrument design 
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taining appreciably lower percentage of 
the critical elements has been utilized 
for the first time in instrument applica- 
tion as the permanent magnet in a new 
“thin” line of d-c and radio-frequency 
General Electric small panel permanent- 
magnet-moving- -coil-type instruments as 
shown in Figure 3.. 

In view of the fact that very little in- 


formation regarding the application of 


the newer permanent-magnet alloys as 
applied to indicating instruments is now 
available, it is proposed to treat this sub- 
ject in some detai] and to study the mag- 
net circuit design as well as the moving 
system associated with it. : 
Permanent-magnet moving-coil d-c in- 
struments of any conventional design 
contain certain essential parts as shown in 


- Figure 4. A is the permanent magnet 


with suitably curved pole faces or with 
soft-iron pole pieces. B is a soft-iron 
cylindrical core centrally located with 
respect to the magnet pole faces or pole 


pieces so as.to provide a uniform air gap 


Figure 5. A com- 

parison of equiva- 

lent magnets of dif-— 
ferent materials 


COMOL 36% COBALT 


‘ 


TUNGSTEN GHROMIUM 


in wehicli the moving coil C turns upon 


its bearings. 

The theory of operation of this type 
of design is well known and will be re- 
ferred to only briefly at this time. 

The permanent magnet A sets\up a 
magnetic field in the uniform air gap, 
between the magnet pole faces or pole 
pieces and the cylindrical core B. The 
moving coil C is free to turn in the air gap 
and is equipped with two control springs, 
one fastened to each end of the coil, 
which serve to conduct the current to and 
from the coil and also control the pointer 
movement. The pointer movement is 
dependent upon the reaction between the 


Figure a Forms of cast Comol magnets 


A. Uniform gap 
B. Diagonal pole face © 


' 
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ferns ne Bp eel in 1 the ‘€4p, an 


- divisions upon which the value of et 


given any of hes more ae used 4 


PER CENT OF 
FULL SCALE VALUE 


The fice wioment or vse oO ! 
by the coil i is directly proportional t¢ o the 
current passing through it asst 


armature fend sie pik ihe 


or voltage is measured, uniform. 
From the preceding, it is seen that t he 
permanent magnet is of utmost impc 
tance to the satisfactory operation o. : 
instrument, and careful consideration 
should be given to its design. , a 
‘The ideal condition in instrument 
magnet design from the standpoint of 
torque eseTs when the Dapewie cuctem 


a 


cHBEEES eo is Showy in n Figure 5 


© 10 20 30 40 50 60 70 80 30 
SCALE ANGLE —DEGREES 
Figure iL: Typicat scale distribution of indicat- 
7 — 

ing instrument using Comol magnet 
s 
arrangement of sees instrument com- 


ponents. — bere? 1 > 


The Manufacture of Cobalt- aa 
Molybdenum-Iron Alloy Mena 


A enced magnet of Comol material _ 
for the General Electric type DW51 
instrument previously mentioned is shown ; 


Figure 8. 


Element assembly utilizing cast 
. Comol magnet — “te 
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_fiecessary conditions 
* hardening later in the process. 


eee 9 A tie of magnetizing the 
element assembly 


in Figure 6A. In general the manu- 
facture of these magnets is as follows: 
The Comol alloy is compounded in a 
high-frequency induction furnace using 
_telatively pure raw materials and remelt 
scrap. It is cast in baked sand molds to 
form the particular magnet desired. 
Following this, the magnets are given a 
soaking treatment at a temperature close 
to their melting point to destroy ‘the 
“as-cast structure’ and - develop the 
to permit age 
At the 
end of this treatment they are quenched 


_ tapidly and at this stage are relatively 


soft and easily machined. The magnets 
are drilled, milled, or ground, as required, 
and then age-hardened to develop the 

_ full magnetic properties. 
For the so-called linear-scale thermo- 


- couple instruments, the diagonal pole- 


_ face magnet is used as shown in Figure 6B, 


‘and the casting and machining operations 


“on it follow those of the uniform-gap 
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magnet shown in Figure 6A. 

This material has shown very uniform 
magnetic potential along the pole face so 
as to make the use of soft-iron pole pieces 
unnecessary. An actual distribution pro- 
vided by this type of magnet is shown on 

Figure 7. The Jack of soft-iron pole 
pieces has led also to slight reductions in 


leakage flux as compared with similar 


Z magnets of other materials utilizing 
soft-iron pole pieces. In this particular 


design the element is assembled com- 
pletely to the unmagnetized magnet in a 


manner as shown in Figure 8. Such a 


procedure. is desirable from the instru-. 


ment manufacturer’s standpoint, since 
it affords an ideal method of positioning 
the parts correctly and reduces the hazard 


_ of the magnet picking up extraneous par- 


ticles of dirt during handling. 
Magnetizing the magnets after as- 

sembly not only provides greater flux 

density but allows the magnet to be 


_ magnetized without a “keeper” and with 


the soft-iron core in place, thus giving a 


uniform magnetic potential along the 
_ pole face. 


This method eliminates the 
hazard of losing magnetic senate during 
assembly. 

The ideal method of magnet saturation 
has been found to be by the use of a 
single conductor placed through the 
center of the magnet as shown in Figure 9 
and by passing a high current through the 


conductor to saturate the magnet. Ex- 


perience has shown that magnets of the 
size described herein require the following 
currents for approximately full saturation: 


= 


Material Ampere Turns Per Inch 
Chromesy. et) est les ae aoe oes 500 
APNE SHEN «5: haa) SAR ron heer seme ite ioe 600 
36'pen cent cobalt... 2... oc. ocecece 1,700 
Con GlSe es ete rae mene eae 2,000 
Bilitica TUS. isaac eae ae Seales 4,400 

The permanency. of the magnet 


strength after final adjustment is im- 
portant to the sustained accuracy of the 
instrument. While this is controllable 
to a large measure by the casting and 
aging technique, all magnets are demag- 
netized a few per cent in strength with 


an a-c field in order to stabilize them 


further. Changes in magnet strength 
with time on sample groups of magnets 
checked under laboratory controlled con- 
ditions have been negligible. 

Changes in strength due to ambient- 
temperature changes on magnets made 
of the Comol alloy mentioried heretofore 
is approximately —0.017 per cent, per 
degree centigrade rise, a value which is 
surprisingly close to values for ambient- 
temperature changes found in other 
magnet alloys: 


Table Il. 


Application of Comol-Magnet 
Material to a New Moving System 


The moving system used with this new 
magnet is of the internal-pivot construc- 
tion with the supporting pivots mounted 
inside the armature shell, whereas the 
conventional armature has the pivots 
mounted outside; see Figure 10. This 
feature has been used in order to obtain 
a thin element, and the conventional 
type of moving system can be used 
equally well with this magnet. | 

The general objective of the moving 
system design is to obtain a light weight 
with as low a moment of inertia as is 
practical for required stability and over- 
load requirements, in order to realize 


the best over-all dynamic characteristics — 


and a high mechanical factor of merit. 


The mechanical factor of merit has 
been recognized as the engineering yard- 


stick as to the practicability of a design 


from the standpoint of magnitude, or — 


pivot friction, or zero uncertainty and — 
sturdiness, or ability to withstand ab- 
normal usage for a long period of time. 
This factor may be termed as an index 
of the freedom-from-friction errors and is 


a function of control spring opposing — 


torque for a given angle deflection 


‘divided by the weight of the moving 


system. It has been shown previously* ° 
that, for the comparison of similar in- 
struments of good commercial design 
having vertical shaft and V-type bearings 
this relation becomes: 


Mechanical factor of merit=T/W 1.5 


where 


T=spring torque in gram-millimeters for _ 


90 degrees deflection 


Constants for Typical 21 /9-Inch-Diameter Small Panel-Type Comol and Chrome 


Magnet D-C Milliammeters, Accuracy +2 Per Cent of Full-Scale Value 


Magnetic Circuit 


1. Total mean magnet length (centimeters)........ 
2. Air-gap area (square centimeters).............. 
' 3. Air-gap flux (saturated) (maxwells)............ 
4. Air-gap flux density (saturated) (gausses)....... 
5. Torque per ampere turn K (gram-millimeters) (after ad suet PPC Pact aren 


Moving Element 
1. Mechanical factor of merit 


(a). For horizontal shaft (L/W)lnc22.. sence se 
For vertical shaft (T/W15).......... ore 


(0). 


Moment of inertia (gram-centimeter?) 


pe eed 


Maximum errors due to five gausses 
External field 


(a). Temporary error of per cent of full scale.... 
Permanent error of per cent of full scale.... 


(0). 


Damping factor (0 —full-scale animirnutg). emests 
Response (seconds) 0—2/3 seale.......:...... 
Ambient-temperature coefficient of PS eS per cent per oes centigrade. . 


7. Magnet stability errors due to six cycles (four hours at —40 degrees centi- 
grade, four hours at +75 degrees centigrade, four hours at +25 degrees 


centigrade) 


(a). Maximum change in per cent of full scale... 
(6). Minimum change of per cent of full scale... 
Average change in per cent of full scale..... 


(c). 


Comol Chrome 
ile Be githigie anes aha, MRE ae anaes 10.7 10.0 
Lares, gale es Ronee peeies car eee 0.99 Las 
rao Riera att at oma en tee MOP eens 1,980 1,495 
St Res tO TORE RR NEE 2,000 1,310 
1.38 0.905 
Poa: SEC ere ae ees 0.486 0.318 
ST a A eine etc 0.915 0.598 
i EPO Aros 2.2 See ee ee 0.52 0.65 
oN ictonctp einige seine ere eae 9.4 3.6 
Bh ee Nr tee Ey aca: 10 gio 1.9 
—0.017 ... —0.025 
SPM CRIA et acts Pern a 1.0 i 1.0 
¥ aie sect atandtes ch Ge ok uxiS ate ree Negligible. . . Negligible 
Agha ina A erie eine saa tae sy 0.10 0.52 
RA ote ec. ea sty Oe 0.02 0.24 
SA Sa ap eeiis ee ay ob TES 0.07 0.35 
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W =weight of moving system and one con- 
trol spring, in grams 


For the comparison of ‘similar instru- 
ments having horizontal shafts, this 
relation becomes T/W. 

In good design, an effort is Pane to 
keep these factor-of-merit values rela- 
tively high which usually means high 
control-spring torque. The value of 
spring torque, other things being con- 
stant, varies as the magnet air-gap flux 
density as shown by the following: 
The control-spring torque in the con- 
_ ventional permanent- magnet moving-coil 
‘design of instrument Bay be found from 


T=KNI 
aT where 


T=total control-spring torque in gram- 
‘ "millimeters for 90 degrees deflection 


turn 
N=number of turns on armature 
_ f=current in amperes in coil 


; In order to keep the value of torque T 


ie ae high | as possible, the quantity KNI 
ae ‘be kept at a-maximum. WI is 


_ kept as high as possible by using the 


eS ‘magnet constant in torque per “ampere 


Z maximum number of turns of wire for a 


_ given current sensitivity. Further in- 


increase in magnet strength, which makes 
x any improvements in magnetic materials 

of prime importance to the instrument 
i: Besestinct is 
hat Consideration has to be given also to 
ee the minimum weight of the moving sys- 
tem. The “‘fixed parts” such as pointer, 
‘i pivots, pivot supports, counterweight 
i _ arms, and winding supports should be 
~ - designed for minimum weight, but the 


. ' winding will vary with sensitivity because 


7 
Sy 
: 
‘ 


’ of variation in number of turns and wire 


_ diameter used. In this particular design, 
_ the total weight of the winding will 
; approximate twice the weight of the 

fixed parts for the higher-sensitivity de- 
: _ signs and will approximate the weight of 


_ fixed parts for lower sensitivities. 
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* _ crease in torque can be obtained only by — 


atk . 4 de? Sat a Ds Bie 
ae ma ~~ ia 
‘ oe < cc 


A tabulation showing some of the more 
important constants of a typical 21/2- 
inch-diameter instrument using the high- 
coercive-force Como! cast magnet as 
compared with a conventional instru- 
ment of the same size using chrome steel | 
formed magnet may be seen in Table 
II.: The substantial increase in air-gap 


ie § ‘its hese v 
other materials heretofore used for 
same applications. ~~, ) = 1 J 

The application of this alent i 
provided better over-all characteristi 
by virtue of increased gap flux det 
and has provided a basis for the des 


oF 


2 


sikelele ibis thn ahs hes 


Rrnvennevane 


sibel 


Tibetan haat iit 


A. Conventional instrument element. 


-B. New element design, General EI 
estan 


type DW52 
' Figure 10 3. eee ‘a 


pe ix 


“of a sturdy line of shallow elect 
indicating instruments having sustai 
accuracy and increased range on 


flux density by the use of Comol magnets 
‘provides a significant increase in the 
magnet constant K and the mechanicai 


factor of merit. and also improves the tivity. ; 
damping factor. With moving elements Shira Tea eo ee 
of about the same weight for the two References x. of OMe 


designs and with increased magnet 
strength, the control-spring torque is 
increased, thus providing quicker re- 
nie of pointer. 


1. PuRMANENT Macnets, J. H. Goss. 

and Alloys, April 1942, pages 576-82. 
2. A New Measurinc INSTRUMENT For D 
Current, H. T. Faus, A. J. Corson. AIEE 
TRANSACTIONS, volume 59, 1940, pages se 


BY, Tecanik ELEKTRISCHER MessGERETE (boo! 
‘ George Keinath. Driick und. Verlag v 
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4. MeEcHANICAL FACTOR OF Merit Wits 
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tric Review, April 1933, Pages 188-91. : 


Conclusions We 


The development of a new magnet 
material for use in the d-c small panel 


‘pretation of test results. 
‘raw material, parts, laboratory, life, me- 


4 


Testing Aircraft Generators 


H. E. KENEIPP 


ASSOCIATE AIEE 


Synopsis: The modern fighting airplane 
Tequires a large amount of electric power for 
its successful operation. The aircraft gen- 
erator provides a reliable source of power at 
the lowest possible weight. The develop- 
ment of these generators has required close 
‘co-ordination of design, testing, and inter- 


chanical, and flight tests. This paper de- 
scribes tests which have been made and 
the interpretations which have led to im- 
provements in d-c aircraft generators. 


PHE engine-mounted aircraft genera- 
tor, Figure 1, operates under condi- 


tions which are more severe than in any. 


other type of service. The generator 
must carry its load over an ambient tem- 


perature range of more than 125 degrees 


_ Figure 2. Under normal operating con- — 


centigrade and from sea level to an alti- 
tude of 30,000 feet or more, as shown in 


ditions the engine vibration may subject 
the generator to an acceleration as great 


as 40 to 50 times the acceleration due to 
gravity. The generator also must operate 


strength and. minimum weight. 


successfully over a speed range as high 


as 2.5 to l. 


Weight must be low. Thus, each me- 


chanical part is designed for maximum 


electric conductors are operated at cur- 
tent densities as high as 10,000 amperes 


“per square inch. No excess material can 
be permitted in the magnetic circuit. 


It is essential that each part of this cir- 
cuit be operated at the highest per- 
tnissible flux density. 


Purpose of Testing 


_and interpretation of test results. 


The aircraft generator could not have 
been developed to its present state with- 
out close co-ordination of design, testing, 
Raw 


“iaterials and parts are tested and in- 
_spected to insure high quality before they 


are built into the machine. Each genera- 
tor is given a commercial test to demon- 


; Paper 44-43, reaommended by the AIEE committee 
00 air transportation for presentation at the AIEE 


_ winter technical meeting, New York, N. Y., Janu- 
ary 24-28, 1944. Manuscript submitted Novem- 


“ber 13, 1943; made available for printing December 


11, 1943. 


3 E. Keneipr is in the small- motor engineering 
epartment, Westinghouse Electric and Manufactur- 


F ng Company, Lima, Ohio. 


‘The author acknowledges the assistance of F. Cas- 
sel, R. Kimble, J. D. Miner, J. E. Mulheim, and 


other associates: in assembling and preparing the 


material for this paper. 
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The tests include. 


- 


~The: . 


- rating of a machine of given size. 


strate its ability to carry the required 
load without mechanical or electrical 
failure. Laboratory tests are made to 
improve quality and to eliminate troubles 
which might develop later. Improve- 
ments are being made continuously, but 
these improvements must be tested 
thoroughly before they are adopted. An 
attempt is being made constantly to 


- reduce weight, but any lightweight de- 


sign must be tested first to prove that the 
generator is adequate, mechanically and 


electrically. 


Quality-Control Tests 


The testing of aircraft generators be- 
gins with the raw materials and parts. 


Insulation must be proved adequate 


before it is used in an aircraft generator. 


bars. 


terial can be determined easily by stand- 
ard testing equipment. Special test 
equipment is required often to predict 
the performance in the finished generator. 


Some of this special test equipment is 


described later in this paper. 


Conn tore 


The commutator of an aircraft genera- 
tor is an especially important part. No 
generator can operate successfully with- 
out a commutator that is stable, both 
thermally and mechanically. The dimen- 
sions of the component parts must be 
controlled closely, and the commutator 
must be seasoned properly. Each com- 


mutator undergoes several cycles of — 


heating and tightening during its manu-_ 
facture, so that there will be no bar 


movement after it has been built into an 
armature. ’ ACen 
Commutators also are given a potential 
test before assembly in the artnature. 
They are tested at 1,200 volts (rms) to 
ground and at 110 volts (rms) between 


Brush springs..,... Steel--c: nsciatemients Cadmium 


Poor-quality electrical sheet steel cannot — 


be tolerated. High loss in the laminations 
requires extra engine power and reduces 
the range of the plane. High loss ‘also 
requires extra cooling air and reduces the 
Cer- 
tain types of poor-quality electrical sheet 
steel will age in only a few hours time if 
operated at high flux density and tem- 
perature. This material must be avoided 
in aircraft generators. 


_ The initial quality of electrical sheet 


steel can be determined with a fair degree 
of accuracy by means of the standard tests 
for determining losses and magnetic prop- 
erties. The aging quality can be deter- 


mined only by the life tests described 


later in this paper. 
Better mechanical strength is required 


1 
2 
3 
4 
5 
6 
in the teeth of aircraft-generator-arma- — : 
wa 8) 
10 
11 
12 
13 


ture punchings than in the standard ro- 
tating machine. The teeth must with- 
stand the vibration encountered on the 
engine in addition’to the stresses imposed 


by the centrifugal forces produced by the 


high operating speed. 
The mechanical strength of any ma- 
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Table I. Corrosion Tests of Aircraft-Generator Parts Ser 
' , 
Salt-Spray Tests 
: Hours Before Duration Per Cent Surface. 
Part Material Finish Rusting of Test Rusted at End of Test 
Bracket..... trivia, SOCEEL ce cation yaaa Zinc) Wight). sei< cise AS hata done DAO ae errata 30. 
Brackets. . 5 cs 6 » si IGG Senne BROT FAC) (HEAVY)! sie aisieiietele’s & esi4/ OR LI 2647 ede eutt None 
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frequency. After the armature has been 
assembled it is tested at 700 volts to 
ground and is then given a high-frequency 
test to detect short-circuited coils. 
armature is tested between brush posi-— 
tions at 750 volts and approximately 
375 kilocycles (Figure 3). 


Tests of Completed Machines 


Each sample generator is subjected to 
a series of tests to determine its perform- 
ance in all respects. A complete test on a 
sample generator consists of these items: 


High potential, cold. 

Neutral setting. 

Brush run-in. 

No-load saturation. 

Load saturation. 

Commutation at various loads. 
Maximum load. 

Overspeed. 

High potential, hot, after overspeed. 
Field-current check after overspeed. 
Temperature test. 

Losses and efficiency. 

Ventilation. 


Commutation is of great importance 
in d-c aircraft generators. Excessive 
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These tests are made at eerie. . 
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Figure 1. 


sparking causes short brush and com- 
mutator life and increased losses due to 
the circulating currents which are pro- 
duced. . Testing the preliminary sample 
permits the engineer to make the neces- 
sary adjustments and changes toimprove 
commutation. The electrical performance 
of aircraft. generators cannot be cal- 
culated nor predicted so accurately as 
that of large power machines. Changes 
after test are often necessary, but the 
engineer is guided by the tests in making 
changes. Commutation is improved 
frequently by a change in one or more of 
the following items: 


Interpole ampere turns. 

. Interpole air gap. 
Length of interpole. 
Amount of compensation. 
Neutral setting. 

Grade of brush, 


@ oR 6 bo 


: Production Tests 


i 


It is unnecessaty to make complete 
tests on each machine that is built in 


daily production. Certain standard com- 
mercial tests will determine whether or 
not a generator will meet the expected 
performance. Each production generator 
should be given the following tests: 


1.. High potential, cold (500 volts rms). 
2. Neutral setting. 
38. Brush run-in. 
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28.5-volt 200-ampere type P-1 aircraft generator 


DEGREES CENTIGRADE 


40000 50000 60000 
ALTITUDE (FEET) 


4 


‘Figure 2. Temperature and 
altitude range of aircraft-gen- 
erator operation 


4. Field current at minimum speed, maxi- 


‘mum load, and rated voltage. 


5. Overspeed test. : 
6. High potential, hot (500 volts rms). 
7. Field-cturrent check after overspeed test. 


One production generator in approxi- 
mately 20 should be given a full-load tem- . 


perature test. This test should be made 


under standardized conditions. By com- 
parison with previous tests any large 
change in losses can be detected. At 
regular intervals a complete test should 
be made, including separation of losses 
to provide a close check on quality of 
material, 


Life Tests 


4 
. 


Aircraft generators are different from — 


standard machines, because the fullest. 


use is made of every mechanical and . 
electrical part. They cannot be designed 


for infinite life, because the weight would 
then become excessive. 


They are so de- 
signed that each part is worked to the 


‘utmost, and no part can have an ex- 


cessive factor of safety. It is essential 
that some method be provided for deter- 
mining any inherent weakness which 
might be present in the machine. Thus, 
life tests are made frequently on aircraft 
generators. The generator is connected 
to a driving motor of sufficient capacity 


Figure 3 (left). 
High-frequency test 
apparatus for arma- 
tures of aircraft 
generators 


| 


4 (right). 

Altitude chamber 

for testing aircraft 
generators 


Figure 
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_ life-test is s conducted at sea level wade can- 


Fede : ' 


Aircraft Ce may f 
mechanical or electrical reasons. 
purpose of the life test is to dis 
weakest part of the generator, so 
the weakness may be corrected. — 


a long period of time or until some 
of the machine fails. 4 

The commutation of the generator 
the brush life can be studied best by 
means of the life test. Since the test 
continued over a long pened of 


me mar any aie in ee commu 
tion can be observed, Thus, 1 in conjt 
tion with altitude tests, it is possib 
select experimentally the grade of bri 
which will give the best performance 
the life of the generator. The laboratory 


with the altitude and flight . test 
scribed later. _ 
The quality of insulation in a generat 


mined by the’ dielectric or h: x 
test which is made during routine factory 
tests. These tests are no assurance that 


its expected life. . The life test reprodu 
operating Seton and temperatures _ 
which are found in actual service. 
The use of the high-potential test 
frequent intervals during the life 
will demonstrate any weakness in tl 
insulation. 

The losses of poor- quality as 
sheet steel will increase during the lif 
the generator. The high operating t 
seas! of aircraft ergs has 
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a ~The dléctsieal parts of an aircraft gener- 
Rar are designed to withstand a higher 
‘continuous. operating temperature than 

the bearings. If the flow of air is ob- 
structed, so that the bearings are not 

adequately cooled, failure will result. 
The life test, continued over a long period 
of time, will show up any defect in bearing - 
_ design, manufacture, application, or ven- 
tilation. 


Be cladion 

Except for commutation and. voltage 

regulation, the ability of an aircraft 
generator to carry load depends on the 
temperature of the windings. Class-A 
insulation will withstand a temperature 
of 105 degrees centigrade for a period of 
several years. Class-B insulation will 
withstand a temperature of 125 degrees 
centigrade for a similar period. The two 
classes of insulation will withstand higher 
temperatures for shorter periods of time. 
Thus, in the life of an aircraft generator, 

- class-A insulation can be operated at 
180 degrees centigrade, and class-B 

insulation can be operated at 150 degrees 
centigrade without affecting the normal - 
life of the machine. 

The temperature of the windings of an 
aircraft generator should not exceed that 
for which they are designed. High 
_ temperature can be expected in the arma- 

ture, so that class-B insulation should be 


used where needed. The highest tem- - 


perature occurs between the two coil 
"sides in a slot. Glass-insulated wire has 
been found to be best for armature con- 
ductors. A thin fish-paper cell often is 
suitable for the slot insulation, because 
_the temperature is several degrees cooler 
_ than it is between the conductors. 
_ No generator can operate for its maxi- 
mum useful life without an adequate 
factor of safety in the insulation, The 
insulation must withstand the tem- 
perature to which it is subjected as well 
as maintain the required ' dielectric 
strength. The life test is the only suc- 
cessful way of determining whether or 
not the insulation will stand up. If the 
generator will withstand the initial test 
‘voltage after operating for a time equal to 
the expected life of the generator, the 
“insulation can be considered adequate. 
“Similar tests resulted in the adoption 
of the glass-covered wire mentioned in 
| - the pens. peeays. 
‘Ventilation 


- Most aircraft generators are forced- 


ventilated with the air passing axially . 


through the generator. The quantity of 
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Figure 5. Rotor. of aircraft-gen- 
erator brush tester 


Figure 6. Avjircraft-generator 
brush tester showing brushes in 
place 
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the rotor of brush 
tester 
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Figure 8. Fatigue-test arrange- 


brackets 


air which passes through a 200-ampere 
28.5-volt generator is approximately 75 


‘cubic feet per minute at six inches of 


water, total pressure. Since the quan- 
tity is small, the air, must be used effec- 
tively. All air passages should be designed 
so that the velocity is high. No passage 
should be permitted to short circuit 
any path where the air is needed for most 
effective cooling. Large openings through 


the rotor may prevent effective cooling 
of the stator. 


Measurement of air pressure must be 
made at the generator. If measurement 
is made at a distance from the generator, 
the pressure drop between the point of 
measurement and the generator may be 
enough to affect seriously the accuracy 
of the test. 

When an aircraft generator is installed 
on the engine, no avoidable obstruction 
should be permitted in the air passage 
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leading to the generator. Back pressure — | 


in the engine nacelle reduces the amount 
of cooling air which the generator re-_ 


ceives. Most aircraft generators -are 
designed to deliver their rated output 
when cooling air is supplied at ten inches 
of water, total pressure. Usually not 
more than six inches is available at the 
generator. This reduces the maximum 


load which the generator can carry safely. 


oe 


Engine Tests 


The life test gives valuable data con- 


cerning the performance of an aircraft 


generator but does not duplicate the 


actual operating conditions encountered 
on.a plane. The engine test often is 
used to reproduce more closely these 
operating conditions. The generator is 
mounted directly on an engine which 
drives a propeller. Thus, the generator 
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must withstand approximately the same 
vibration that is eheountered on an air- 
plane. 

’ An engine test is an Seales means of 


determining the ability of the generator — 


to resist mechanical shocks and vibration. 
_ In addition, this test is a means of testing 

the performance of the gear unit through 
_ which the generator is driven. 


Flight Test . 


- No test has been found yet which will 
duplicate exactly the operating condi- 

_ tions that are found on an airplane. The 

_ final data as to how a generator performs 
must come from actual flight. These 
i: data may be obtained either from a special 
Me airplane used only for experimental 
purposes’ or from other airplanes where 


sth + records are kept of flight conditions. Itis. 


- difficult sometimes to obtain the com- 
; plete history of the flight test. 
The special test airplane has been in- 
valuable in obtaining test data on com- 
_ mutation and the performance of brushes 

at altitude. 
“if hour in ascent, three hours at altitude, 
and one hour in descent. The load is 
_ controlled during flight, so that operating 
_ conditions are known accurately. 


a 


‘a, 


Ot Ceca ey 
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* _ Altitude rgeaber Tests 


2 
Se 


_ By means of the altitude chamber it 
has been possible to reproduce closely 
the conditions which are encountered 
_ when the airplane flies at an altitude of 
30,000 feet or higher. A cooling system 
_ is provided, so that the low temperatures 
of altitude flying can be obtained. The 
low pressure within the chamber is main- 
tained by means of a vacuum pump. A 
_ drive shaft extends through the wall of 
s the chamber. Terminals are provided 
for electric connections. Any electrical 
f ‘condition which the generator encounters 
in the altitude chamber. A small altitude 
chamber is shown in Figure 4. 


_ Brush Tests (Mechanical) 


us The brushes of aircraft generators are 
subjected to severe mechanical operating 
conditions. Brushes have failed because 
of breakage, loose rivets, broken shunts, 
or frayed insulating sleeving. A vibra- 
tion tester has been devised for testing 
brushes mechanically. The tester con- 
sists of two brush-holder assemblies 
mounted in a generator frame together 
with two commutators which have been 
machined, so that each brush drops ap- 
proximately 3/4 inch four.times in one 


108 TRANSACTIONS 


The normal flight is one 


ee). AS ee ee ee 
tetas eee or Ae 


Figure 9. Fatigue tests of air- , 8 
" eraft-generator brackets : 
juts i 

VAS senile aera . 

3 a ie 

ut ha a cali] 

fr] a A yl? 

es Neel ae | 

3 iz ae 

=I lif ll 

id ss ad = 

a al ~ 

z,, Seaton Led 

, i) Beer toed Sad 

fiend 


revolution. The tester shown in Figures 
5 and 6 will test 16 brushes at one time. 


The contour of the rotor is shown in 


c 


on an airplane can be reproduced closely | 


‘sides. 


Figure 7. This is an extremely severe 
test, probably more than 100 times as 
severe as the condition encountered on 
an airplane. ‘he vibration tester will 
detect any mechanical weakness in the 
brush in only a few hours operating time. 


Brackets and Bolts . 


In the early days of 200-ampere air- 
craft generators much trouble was en- 
countered due to broken brackets and 
bolts. A die-cast bracket was used on 
the engine end of the generator, and this 
was unable to withstand the vibration 
and shocks encountered. Trouble was 


encountered also with breakage of the 


screws which are used to attach the 
bracket to the generator yoke. Extensive 


fatigue tests were made to determine the © 


source of trouble and how the bracket 
design could be improved to eliminate 
the trouble. The test setup is shown in 
Figure 8. The curves shown in Figure 
9 were obtained from these tests. 


Corrosion 


Aircraft generators are required to 
operate in any kind of climate. An open 
piece of electrical apparatus cannot be 
made entirely corrosion-proof, but. the 
parts should be made so that they will 
resist the weather conditions commonly 
encountered. To establish their ability 
to resist corrosion, a series of tests was 
made on aircraft-generator parts. These 
results are shown in Table I. 

As a further check, outdoor corrosion 
tests were made on two P-1 generators 
completely assembled. One generator 
was placed under a shelter, open at the 
The other generator was exposed 
completely with no protection. The 
generators were mounted horizontally 
with the air connection downward. They 
were taken from the assembly line and 
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_ were > given no additional treatment. 


at the end of the test it ick 


although one had been under a co 


_ been responsible for a great amount 


_ quately. Class-A material has been 
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The object of all of these tests has been to 
build the most reliable generator ¥ with 
the lowest possible weight. The te st 

program has been ‘responsible for the” 
correction of the troubles which hav 
veloped in the field and for the eli 
tion of potential sources of trouble. 
test program is not complete and nev 
will be complete so long as ai 
generators are built. The life test 


improvement in aircraft generators. 
means of these tests in which the gen 
tor carries a definite load, the life o: 
sulation has been studied. It has. 
possible to apply the insulation, so 
each electrical part is insulated | 


where it is adequate for the opera’ 
temperatures encountered in air 
generators. Class-B insulation has been 
used where required bécause of higher 
temperatures, as in the armature con- 
ductors. The insulating material has. 
been chosen also, so that the generator 
will withstand the potential tests with 
an adequate margin. 
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Potential Breakdown of Small Gaps Under 


Simulated High-Altitude Conditions 


M. J. DeLERNO 


ASSOCIATE AIEE 


PONCURRENT with the present 


development program of a 400-cycle 


208-volt power supply for aircraft, it was 
deemed advisable to study the effect of 
high altitudes on the breakdown poten- 
tial between various conductors at differ- 
ent voltage levels. 

_ Aircraft electrical equipment will’ be 
subjected to severe and unusual condi- 


tions which will affect materially high 


potential specifications. Some of the 
most severe conditions are: ' 

(a). Airplanes may be parked on the 
ground for several weeks without seeing use. 
Tn equatorial regions the moisture content 
of the air may be very high and may even 
reach 100 per cent. Operation of equipment 
under such humid conditions may affect 
breakdown potential values. 


(b). Airplanes will be flying part of the time 
at high altitudes (40,000 feet) and part of 
the time at lower altitudes. At the high 
altitudes all equipment not heated or lo- 


®. 


Paper 44-29, recommended by the AIEE committee 
on air transportation for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-8, 1944. Manuscript submitted Novem- 
ber 3, aad, made available for printing December 
A, 194 


mat. J: DeLerno is in the industrial control engi- 
fieering division of the General Electric Company, 
Schenectady, N. Y. 


Improvements in brush. life have de- 
pended mostly on generator life tests. By 
co-ordinating the life tests at sea level 
‘with the data obtained from the altitude 
chamber and flight tests, the best possible 
brush has been obtained. A brush has 
been developed which has satisfactory 
life both at sea level and at altitude. 


The subject of brush development is too © 


broad to be more than mentioned in this 
paper. Fe \ 

The tests which have been made in the 
vibration tester shown in Figures 5 and 6 
hhave enabled the mechanical development 
of brushes to keep ahead of the require- 
ments in the airplane. The rarity of 
‘mechanical brush failure can be attrib- 
uted to improvements which have been 
made as a result of tests made in the 
‘vibration tester. 


The altitude chamber has not been 


tised long enough to determine its fullest 
possibilities for testing generators. The 
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final test in flight. 


cated in a heated section of the plane will’ 


get very cold. When the plane descends 
to lower altitudes, the humidity and tem- 
perature will be higher, and moisture will 
probably condense on the cold equipment, 
first as frost and later as moisture. 


(c). In many cases airplanes are forced to 
fly from dusty fields or through dust 
storms. Any exposed surfaces may be con- 
taminated by dust. 


Scope of Investigation ° 


The breakdown potential is that poten- 
tial which causes complete breakdown 
or flashover between the electrodes. It is 
defined as the potential which will pro- 


duce a luminous discharge between the — 


electrodes. This discharge may clear 
itself immediately or may be followed by 
an arc, depending upon the power ca- 
pacity and the impedance of the electric 
circuit. The chief characteristic of an 
are discharge is the low voltage foes 
between the electrodes. 

In order to simulate true high-altitude 
conditions, it is necessary to reduce both 
the pressure and temperature of the air 
which surrounds the test specimen to the 
same degree which exists at any specified 
altitude, However, several devices in 


j 
tests which have been made already show 
that altitude conditions can be repro- 


duced very closely. The chamber tests 


in conjunction with the life test at sea 
level will facilitate the improvement of 
brushes and commutation. | 

The mechanical forces encountered in 
engine tests are nearly the same as those 
encountered in flight. These tests have 
been of great value in determining the 


adequacy of brackets, bearings, con- 


nectors, leads, and terminals. 

The flight test permits a close check to 
be made on the test data obtained in the 
altitude chamber. Brush improvements 
which have been made as a result of alti- 
tude chamber tests must be given the 


be made so easily nor so often as tests 
in the altitude chamber but are of great 
value, because the generator encounters 
exactly the same conditions that are 
found in actual service. 
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Flight tests cannot . 3 


In addition to - 


airplanes are located near pieces of equip- 
ment which operate at high temperatures 
and which consequently heat the air in 
the vicinity. These devices therefore 
may be surrounded by an atmosphere 
which is at the same pressure but at 


higher temperature than the air which | 


normally exists at that altitude. It will 
be shown from theoretical considerations 
that, for any given gas pressure and elec- 
trode spacing encountered on aircraft 
equipment, the breakdown potential 


usually decreases with an increase in 


temperature. Since higher temperatures 
decrease the breakdown potentials, it was 
thought best to perform all tests at re- 
duced pressures corresponding to any 
given altitude but to leave the air tem- 


- perature fixed at its sea-level value. 


‘In production testing of 400-cycle 


equipment to determine dielectric de-— 
fects, a source of 400-cycle power is not — 


usually available, and it is therefore 
necessary to use 60-cycle supply. A com- 


parison between breakdown at 400 cycles | 
and 60 cycles under similar conditions 
was undertaken to establish a relation- 


ship between them. This was also desir- 
able since breakdown data which had 


been taken previously with 60-cycle — 
supply could be converted to cua , 


400-cycle data. 

The two types of breakdown affected 
by high altitudes are air-gap breakdown 
and surface or creepage breakdown. De- 
signers of low-voltage electrical control 


equipment sometimes use air-gap break- — 
down values between spheres and creep- _ 
age breakdown, values in a uniform — 


brush tests, flight tests like engine tests 


have served to test the ability of brackets, 
bearings, leads, and connectors to stand 
up in service. 
Laboratory tests of generator parts 
have enabled the engineers to improve 
these parts; thereby many sources of 


trouble have been eliminated. No un-— 


tried part can be used on an aircraft 
generator. 
relied on for a preliminary check of all 


improvements before they are subjected 


to engine or flight tests. S 
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Air-gap breakdown specimens 


Figure 1. 


A. 1/s-inch-diameter brass hemispheres 

B. Parallel straight . silver-plated phosphor- 

bronze strips, 0.010 inch thick. 
0.187 inch 


~C. Parallel L-shaped silver-plated ohasphee 


Brees strips, 0.031 inch thick. Ajr gap, 


0.117 inch 


\ 


Glectiostatie field as a preliminary basis 
for determining minimum clearances on 
new designs (when not specified in an 
AIEE or similar standard). At best, 
conclusions obtained in this manner can 
approximate only roughly actual condi- 
tions on aircraft equipment, for the po- 
tential field produced between various 
aircraft parts is quite different from that 
which exists between spheres or between 
parallel plates (uniform field), There- 
fore, air-gap. and creepage breakdown 
potentials were taken between various 
parts of aircraft relays and contactors in 
addition to tests taken on hemisphere 
gaps and uniform-field specimens. 

In order to reproduce conditions which 
may exist in part b of the introduction, 
several aircraft relay parts were cooled to 
Q degrees Fahrenheit and were then 
placed in a chamber which was main- 
tained at about 85 per cent humidity. 
Voltage ‘was applied between current- 
carrying parts of the specimen shortly 
after introduction into the chamber. 


Test Equipment 


The mechanical equipment used in 
performing the tests consisted of a bell 
jar in which the tests were conducted, a 
rotary vacuum pump for evacuating the 
bell jar, a thermometer, a humidity 
meter, a container of calcium chloride for 


‘drying the air, and a jar of water for 
raising the humidity of the air. Electrical: 


connections to the test specimen were 


made through studs at the top of the bell 


jar. 
The electric circuit consisted of a step- 


up transformer supplied by either a 


60-cycle or a 400-cycle alternator. A 
series resistor was inserted between the 
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Air gap, 


Figure 2. Creepage breakdown specimens 


‘ 


A. Uniform field specimen 
B. Textolite, 0.12-inch spacing 
C. Textolite, 0.035-inch spacing 


_D. Hot-molded compound,0.13-inch spacing 


alternator and transformer to limit the 
discharge current after breakdown oc- 
curred. A foot switch was also located 
in the transformer primary circuit to 
interrupt the circuit when breakdown 
occurred. In this way it was possible 
to use the same specimen for a large num- 


ber of tests before carbonization of the- 
The bteakdown. 


specimen occurred. | 
potential was measured with a step-down 
potential transformer and a voltmeter. 
The wave form of the voltage across the 


_ power transformer was not a true sine 


wave because the alternator voltage did 


not have a true sinusoidal wave form. © 


‘Therefore the voltages measured with 
the potential transformer were calibrated 
with voltages measured across the test 
specimen with a crest reading voltmeter. 

The test specimens are shown for air- 
gap breakdown in Figure 1 arid for creep- 
age breakdown in Figure 2. All speci- 
mens, except hemispheres and the uni- 
form-field specimens, were obtained from 
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Comparison Between Brealida wa Potentials at 60 and at 400 Cycles 
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ALTITUDE — THOUSAND FEET 
Figure 3. Hemisphere-gap breakd« 
acteristics Ae 


1/,-inch-diameter brass electrodes > 


A.  /e-inch gap. Aijir temperature 
- grees Fahrenheit 
B. 1/,-inch gap. Air temperature 72 de 
Fahrenheit 
B’. 4/s-inch gap. Air temperature 
sponds to various altitudes (calculat 
C. t/s-inch gap. Air temperature mad 
Fahrenheit ; 
1/s-inch gap. Air temperature corre 
pe: to various altitudes (calculat 
. ‘Ye-inch gap. Air temperature — 
grees Fahrenheit 


Cr 


standard ayreeige relay parts and 
simulate actual conditions which 


on aircraft. ear a 


Sannnry of Data — ; ; 4 | 


Table I shows the per cent differ re: 
between the — grec)": poter 


orice 


Fahrenheit for veatieed pressures ( 
pepe: to various ee Altheu 


Table I. 
{ F 
Electrode 
Specimen Spacing 
Number (Inches) 


Specimen 


Air-Gap Breakdown © 


Parallel straight 
relay strips, Figure 1B 
Parallel L-shaped 
relay strips, Figure 1C 


Creepage Breakdown (Nonuniform Field) 


Ihe Fact at OM26...0% 
Textolite, Figure 2B......42+++-> Wace O EAB eo. 
Sane sole hess O126 0:3 
BE d. Siat wa, OLR2b ts 4. 
iia way eS 0.035... 

Textolite, Figure 2C...... Qe vee eee 0.035... 
peerage 01035 a. 
FRIES 1 G55. 5. 


* Corresponds to pressures existing at the specified altitude, but not to temperatures. 


at 72 degrees Fahrenheit. 
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able II. 


Effect of High remy on the Creepage Breakdown Potential of Precooled 


Specimens 
Per Cent Difference 
Min (A)*— Min (B)** Avg (A)*— Avg (B)** 
- x 100 
Min (A) aeA0p Ave (A) 
: Electrode Number Altitude (Feet)} Altitude (Feet) t 
Specimen Spacing _ of = 
Specimen Number (Inches) Tests 0 45,200 0 45,200 
Pextolite, Oh Sana sis tS ORI25) eee: eoreLonae Biswas. 5: BSC ane LG SOR. 7. 
igure 2B..J2-:--.0».: DPT 25 pate ss: pie? been SA deen tits HRC Heats ee OED R era 15.5 
; Cee eee OZ en Mele PLEA, Satara: 5: « PVR Vinee cape an Ore tr roe = 1.4 
RO Nanas ORLZGN de oes net ie diptekw.e = iss SOAs Od Sakey steass hse Shy Sty eae 10.2 


* (A) Breakdown potential of a dry specimen. 


** (B) Breakdown potential of a specimen subjected to special moisture conditions. 


| Corresponds to pressures existing at the specified altitude, but not to temperatures. 


at 72 degrees Fahrenheit. 


the average high potential breakdown at 
60 cycles for different specimens having 
the same dimensions and constructed 
of the same materials have exceeded 
25 per cent. Since 64 per cent of the 
differences are less than +five per cent 
and 86 per cent less than +ten per cent, 


it seems justifiable to conclude that 


there is no appreciablé difference between 
60- and 400-cycle high-potential break- 


down values for the range of electrode — 


spacings used. 

Similar conclusions may be Henge on 
the effect of humidity on high-potential 
air-gap and creepage breakdown values. 
A comparison between tests performed 
with 20 per cent relative humidity and 
with 85 per cent relative humidity at 
72 degrees Fahrenheit for reduced pres- 
sures corresponding to various altitudes 
showed that 50 per cent of the differences 


“ 
between the average breakdown values . 


(avetage of ten readings) at 20 per cent 
humidity and 85 per cent humidity, 
divided by the average breakdown values 
at 20 per cent humidity are less than 
+five per cent, and 80 per cent are less 
than +ten per cent. These results indi- 
cate that humidity has inappreciable 
effect on air-gap breakdown potential 
characteristics and on creepage break- 
down potential characteristics for the 
materials tested. 

_ Tests which were conducted on speci- 
mens which had been cooled to 0 degrees 
Fahrenheit and then placed in a high 
humidity atmosphere (85 per cent) at 
72 degrees Fahrenheit showed that mois- 
ture condensed on the surfaces of the 
specimens. The moisture lowered the 
initial creepage breakdown potential of 
a specimen, but successive breakdowns 
dried the surface sufficiently to raise the 
breakdown potential to its average dry 
value. It should be pointed out that if 
the electric circuit is such that an arc can 


follow the initial spark, then the surface — 


of the insulation is usually carbonized by 
the arc to such an extent that a permanent 
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short circuit is created between the elec- 
trodes. Since repeated flashovers raise 
the breakdown potential nearly to the 
dry breakdown potential, then the per cent 
difference between the minimum break- 
down potential of a dry specimen and 
the minimum breakdown potential of the 
same specimen when treated as already 
stated is more important than the per 


cent difference between the average. 


values of the dry specimen and the 
treated specimen. Table II shows the 


per cent difference for both the minimum 


and average values. Ten readings were 
obtained for each test, from which the 
minimum and average values were ob- 
tained. Sometimes more than one test 
was performed on a specimen, and, when 
such was the case, the minimum and 
average values were obtained from the 
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Figure 4. Comparison of air-gap breakdown 


‘between parallel strips with air-gap breakdown 


between hemispheres 


A-B. 4/s-inch-diameter brass hemispheres. 
Air temperature 72 degrees Fahrenheit 
C. Parallel straight silver-plated phosphor- 
bronze strips, 0.010 inch thick. Ajir tempera- 
ture 72 degrees Fahrenheit 
D. Parallel L-shaped silver-plated phosphor- 
bronze strips, 0.031 inch thick. Air tempera- 
ture 72 degrees Fahrenheit 
~ (See Figure 1 for picture of specimens) 
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Temperature held 


total number of readings. It was found 
from experimental tests that the initial 


. breakdown potential of ceramic specimens 


when subjected to this special moisture 
condition could be raised about 25 per 
cent by treating the ceramic with the 
vapors of silicon methyl chloride (a sili- 
cone derivative). This treatment pro- 
duces a ceramic surface which is water 
repellant and which has a very high elec- 
trical surface resistivity under dew-point 
conditions. ; 

Breakdown potential values under 
various conditions are shown in Figures 3, 
4, and 5. Figure 3 shows the hemi- 
sphere-gap breakdown characteristics for 
different electrode spacings. It also 
shows the effect of reduced temperatures 
on the breakdown characteristics based 
on theoretical analysis. Figure 4 com- 
pares the air-gap breakdown ‘character- 

- istics between hemispheres with the air- 
gap breakdown characteristics between 
various aircraft relay parts. Figure 5 
makes a similar comparison between 
creepage breakdown in a uniform and 
nonuniform electrostatic field. 

From curves similar to Figures 3, 4, 
and 5, a table showing the ratio of break- 
down potential at sea level to a pressure 
corresponding to 45,000 feet elevation for 


an air temperature of 72 degrees Fahren- 


heit for both air-gap and creepage break- 
down has been compiled. Table III 
shows this ratio. This ratio is important 
in determining equivalent sea-level high- 


potential voltage values to correspond to — 
lf the 


altitude high-potential values. 
AIEE specification requiring electrical 
equipment to withstand a high-potential 


madly a = SPACINGS 
INCH 
—_— o. 120 INCH 
——0.035 INCH 
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Figure 5. Comparison between creepage 
breakdown in a uniform electrostatic field and 


creepage breakdown in a nonuniform electro- © 


- static field 


A-B. Breakdown across Textolite 
located in a uniform field. Air temperature 
72 degrees Fahrenheit 
C-D. Breakdown across Textolite surface 
located in a nonuniform field. Air tempere- 
ture 72 degrees Fahrenheit 
(See Figure 2 for picture of specimens) 
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surface 


x 


Table Ill. 
Sea Level to 45,000 Feet* 


Ratio — 
V(O) to 
V (45,000) 
Air-Gap Breakdown 
1/32-inch spacing......... 3.5 
eae 2 
4 Heni /s-inch spacing.......... 3.4) 
eae smlsplice ber 1/,-inch spacing.......... 3.3 
n f 1/2-inch spacing.......... 318 
Parallel straight strips—0.187-inch gap......3.7 
Parallel L-shaped strips—0.117-inch gap.. .'.2.7 


altitude, but not to temperature. 
_ held at 72 degrees Fahrenheit. 


Nonuniform field 


Creepage Breakdown ~ 
Uniform field . 
Texto- (| 1/s-inch thick (are with grain)...3 
lite, . J )/s-inch thick (are with grain)...3. 
1/s-inch thick (are across grain). Rect 
1/s-inch thick (are across grain). .2., 
_ Cold-molded : A 
asbestos compound. . { UA s-inch thick. . .2, 
1/4-inch thick, . .3 
_ Hot-molded compound (Bakelite Sivieiat 
1132) 0.13-inch spacing. .....,...... 3. 
‘ : 0.125-inch spacing. ........ 3. 
Textolite.. { PBbD SP ETERS, 
cate 0.035-inch spacing......... 2. 


Om wOOm 


He on 


* Corresponds to pressures existing at the specified 
Temperature 


_ voltage of twice rated voltage plus 1,000 


volts is to apply at 45,000 feet, then the 
same equipment will have to withstand 


from 2.7 to 3.7 times as high a voltage 
at sea level. 
equipment would have to withstand 


On 208-volt circuits, the 


1,416 volts at 45,000 feet and from 3,820 
to 5,240 volts at sea level. Such a speci- 
fication is rather severe under such con- 


ditions, and it would seem that a more 
_ satisfactory specification would be to 
require an equivalent sea-level voltage of’ 


2. 7 to 3.7 times twice rated voltage plus 
an additional 1,000 volts. On 208- 
volt equipment, the equivalent sea-level 


voltage would then is from ‘2,122 to 


2 a volts. 


Sete With Theoretical 
Performance 


Experimental tests made by Peek! 


indicate that the breakdown voltage 
between spheres is independent of the 


frequency, provided corona is not present 


before breakdown to provide a consider-. 


able space-charge effect. He also deter- 
mined from experimental tests? that, for 
spheres, corona does. not appear before 
breakdown until the spacing between 


' 
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Ratio of Breakdown Potential at. 


é be lor f) ¥re ink ae RYT tag 7) ap ap Beer rye ts, > ay 
the spheres equals eight times the radius same P/E T ratio. The «value | 


' of the sphere. 
radius ratio for the hemispheres was four 


data that breakdown characteristics for manner. 
‘hemisphere gaps are the same at a and ; 
_ 400 cycles. Conclusions 


it is low.4 


of relays, 
_ humidity effect was observed on gaps 


before breakdown. Since the gas den- 


at room temperatures to temperatures 


of P and T corresponding to some alti- 


The maximum spacing- 


sresiive psoas 5 are the trv 
conditions existing at that altitude. F 
ure 3 shows curves calculated ha 


(1/yinch gap, 1/s-inch radius). The 
theory, therefore, seems to check the 


The effect of naweter on air-gap break- 
down for sphere gaps p inappreciable if ‘The following conclusions | may 
the surfaces remain dry, while the effect drawn from the data presented: ; 
of humidity on needle gaps is to require ‘ He OK, ( Tee 
a higher voltage to cause breakdown 1. Air-gap eee ee d 
when the humidity is high than when © 9ctetistics are substantially the: sami 

These two conditions corre- 60- and 400-cycle supply for short gaps. 
spond somewhat to the hemisphere gap 
and the air gap between various parts 
respectively. However, no. 


i ?. 

2. The effeet of a very humid atmosp 
on air-gap and creepage breakdown px 
tials is inappreciable, provided there 
moisture condensation on the electrodi : or 
the dielectric. 


8. About 25 per cent reductiog in ton ini 
tial creepage breakdown potential ca 
eevee te if there is BW ed moi is 


between various relay parts. 7 
In order to check the effect of reduced 
temperatures on the breakdown char- 
acteristics of air gaps, use was made of the 
principle of similitude.4 This principle, 
which was developed by Townsend, states | 
that, for geometrically similar systems, © 
the breakdown potential is a function 
of only the product of gas density and one 
of the linear dimensions of the system, 
provided no space-charge effect is present 


: estes Succeeding breakaonay ine 
approach gradually the flashover value fc 
the dry dielectric, provided the surface does 
not become carbonized. : 


> 


dong pola 25 per cent if there) is pee 
able moisture condensation on the surf 
of the ceramic. 


sity is directly proportional to the gas. 
pressure and inversely proportional to 
the gas temperature, then an equation 
expressing these statements will be 


E=f(oXd) “($x d ) 


where E is the breakdown potential, p 
the gas density, T the absolute gas tem- 
perature, P the absolute gas pressure, and 
d the linear dimension of the system. 

To convert breakdown characteristics 


air-gap yaa or pes ee 
breakdown observations for creepage br 
down. ‘ 


oT to 3.7, depending upon the coe 
shape and spacing for air-gap brakdoa 


electrostatic field distribution betweeen 
electrodes for creepage breakdown. § 


corresponding to various altitudes, the 
value of P/T must remain constant if 
E and d are held fixed. By reading the / j. 
value of E corresponding to some pressure | 
and 72 degrees Fahrenheit from the ex- — 
perimental curves of Figures 3 and 4, and — 
calculating the P/T ratio, a new value 
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High-Voltage Oil Circuit Breakers a 
Rapid Reclosing Duty 


A. W. HILL 


MEMBER AIEE 


ynopsis: Experience has shown that high- 
peed reclosing of circuit breakers on high- 
oltage transmission lines is of considerable 
alue in maintaining system stability and 
ontinuity of service. This paper describes 
, hew line of outdoor oil circuit breakers 
nd the special design features which make 
hem suitable for 20- and 35-cycle reclosing 
luty at voltages as high as 230 kv. Data 
re included showing high-power-laboratory 
hort-circuit tests on these duty cycles at 
38 kv and 230 kv at currents corresponding 
© three-phase duty of more than 2,500,000 


WPHE present emergency demands the 
@ highest possible reliability in the 
lectrical systems which are supplying 
imprecedented loads to industrial cen- 
ers. In many locations the use of high- 
peed: reclosing of high-voltage circuit 
reakers has proved to be of great value 
Mm maintaining continuity of service. 
xystem-stability requirements have 
ought about the development of high- 
peed circuit breakers in the voltage 
ange from 115 kv to 287 kv with an in- 
etrupting time of five or even three 
ycles. In recent years, a few of these 
ligh-speed breakers have been available 
vith provision for high-speed reclosing. 
[his paper describes the design and per- 
ormance of a line of high-voltage cir- 
“uit breakers particularly designed to 
meet these severe operating require- 
Because of the arc-interrupting ef- 
ectiveness and low arc'energy of multi- 
low deion grid contacts described in a 
Japer before the Institute a year ago,} 
t is possible for the physical size of these 
ligh-voltage reclosing circuit breakers to 
se smaller than the older standard 
sreakers. Simplification of the operating 
mechanism is made possible by utilizing 
he recently developed compressed-air 
ype of mechanism for operating high- 
yoltage oil citcuit breakers.? Short- 
ircuit tests made in the high-power 
aboratory have demonstrated the ability 


Paper 44-37, recommended by the AIEE committee 
yn protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ry 24-28, 1944. Manuscript submitted Novem- 
yer 26, 1943; made available for printing Decem- 
ser 10, 1943. ; 
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of these new circuit breakers to interrupt 
on either a 35-cycle or a 20-cycle reclosing 
duty cycle short-circuit powers as high 
as 2,500,000 kva. 

The new interrupter for these oil circuit 


breakers, called the multiflow deion grid, 


is smaller in size than earlier forms of 
contacts. From the nature of its opera- 
tion the arcs are kept under control at 
all times, and the evolution of gas is so 
reduced that very little space is needed 
for insulation around the grid. The live 


Figure 1 5 Pole-unit 
lever system for 138- 


a 


protruding casings to mar the otherwise 
smooth-walled tank. 

‘The new line of breakers presented an 
opportunity to make a new design of 
pole-unit levers, better adapted to high- 
speed operation. 


have been used for so many years have 
been retained, but, with the more effec- 
tive interrupters, it is now possible to 
reduce the length of travel and yet keep 


ample toggle effect at the closed position - 
Fabricated steel levers” 


of the contacts. 
and Jinks are used throughout as shown 
in Figure 1. The load characteristic 


(Figure 2) gives the various increments 


of load for the entire Closing stroke, 
plotted against mechanism pull-trod 
travel. In other words, each static 
load inside the three tanks, such as the 


kv breaker, showing 
relation of toggles, 
stops, dashpot, and 
accelerating spring 


parts are compactly enclosed within well- 
rounded metallic shields so that the volt- 
age gradient through the oil is low enough 
to allow the most effective use of well- 
co-ordinated striking and creepage dis- 
tances. For still higher interrupting ca- 
pacities which are necessary to meet pres- 
ent-day requirements, such as 3,500,000 
kva, interrupting units built with a 
greater degree of ruggedness perform en- 
tirely satisfactorily. : 
_The bushing-type current transformers 


are built to modern American Standards 


Association and National Electrical 
Manufacturers Association standards. 
The standard design of one current trans- 
former per bushing fulfills usual require- 
meuts, although ample space can be 
made available to provide for two trans- 
formers per bushing where required, 
either multiratio on the Hipersil core for 
relaying purposes or single ratio on the 
Hipernik core for high-accuracy metering 
service. The small bushing diameter is 
also an advantage here, as it permits 
plenty of space for the transformers 
without making necessary the use of 
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dead weight of the contacts and levers, 
and the contact-spring load is multiplied 
by the pull ratio, to convertitintoequiva- 
lent load at the operating mechanism. 
Since the accelerating spring for the 
mechanism illustrated is outside the tank, 
it is added without being modified by 
the pull ratio. A summation of these 
increments shows a net load increasing 
from slightly over 1,000 pounds at the 
open position, to a little over 3,000 
pounds at the closed position, all of which 
is well within the ability of either the con- 
ventional solenoid or pneumatic mecha- 
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The general features — 
required for straight line motion which — 


ca 


ol 


w, 
ss 


- 


a 


— “. 
al Wee Vie i 


169 

x 

aiey 

a eee 
2 aes 
3 <5 9 
& he. = 
I at Sie 
at Jer 
> aaa 
a os ERS) 
a 

‘— 

44 

P32} 
4\ 

fo) 


Tae ee ea 
MECHANISM PULL ROD TRAVEL— INCHES 
Figure 2. Load curve for three-pole 138-kv 

te breaker 


“A. Pull ratio of levers showing greatest 
mechanical advantage atclosed position of stroke 
B. Relation of lift-rod travel to operating- 
a mechanism travel 
C. Equivalent weight of pole-unit levers, 
contacts, and so forth, expressed as equivalent 
mass at the operating mechanism: 
D. Accelerating spring load in pounds 
E. Intermediate contact load 
F. Main contact load 
'G. Total load on operating mechanism. | 
Summation of C-D-E-F 
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CYLINDER 


nism. In this class of breaker the 
added load due to forces encountered 


in closing against fault currents is negli- 


gible and hence can be neglected. 


Compressed-Air Operatin 
Mechanism re 


“A schematic view of the compressed-air 
operating mechanism, suitable for high- 


speed reclosing, is illustrated in Figure 3. 


The operating system is connected at all 
times to the main-breaker operating rod, 
only one lever being required for latching 
purposes. ‘During the closing operation, 
air is admitted to the top of the cylinder, 
forcing the piston down to the closed 


position where it is held by the latch. 


Energizing the trip coil also operates 
a large “dump valve’ arranged so that 
any air left in the cylinder on the top 
side, as for example on immediate 


yaa 7 - OPERATING ROD 
/ TO BREAKER 


L,.| LAY 


cae 


Figure 4 (left). Record of oscillogram showing 

time in cycles after trip coil is energized at A till 

at B contacts part; at C arc is interrupted, breaker 

recloses after partial stroke, and contacts touch 

at D. At E the trip coil is again energized, 
and contacts part in normal time at F 
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_ Multiflow Deion Grids for 
_ tain standard derating factors ac 


OPERATING LEVER STOP 


AUTOMATIC 
= EXHAUST VALVE 


_EXHAUST 
1 PILOT VALVE 


PIPE TO AUTOMATIC 
EXHAUST VALVE ’ 


_ when the two-unit operations follow on 


speed. The acceleration on 
provided entirely by springs so th: 
in the event of failure of the comp 
air system, the breaker could p 


cuit. To obtain rapid reclosing 
necessary to time the opening of 
valve admitting air to the cylind 
that the breaker will be brought 


with ample margin for interrupti 
are, and returned to the closed pos 
within the required time. A record of 


second tripping as on the first, illus 
the effectiveness of the dump v: 
giving pneumatically trip-free op 
as an alternative to mechanical 
free operation. 


High-Speed Reclosing 
Soa" ie 
Oil circuit breakers used on auto 
reclosing duty cycles are subject to cer 


<« 


F 
ra 


Figure -3. Schematic cross sec 
of compressed-air operating me 
nism, showing valves, latch, 
single lever making rapid ri 
<k possible in 
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groups of unit operations. For inst 
a circuit breaker having an interruptin: 
capacity between 5,000 and 10,000 am 
peres on the standard two-CO-15 
second duty cycle (two-unit operation 
will have a rating of only 85 per 
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Bble I. 930-Ky Three-Cycle Breaker Test 
(Two Grids Per Pole) 
a). One Grid, 1/2 Pole, 66 Kv to 
Ground, Charging Current, 60 Cycles 
a — 3 a - é 


‘ 


Main 

Gap *Inter- 
Test Interrupted Arcing Per rupting 
Yum- Current Time Grid Time 


ea 4B), a. tet ESQ! ese od ae 2.4. 
ae AB 3, uly yee ie BEAD) ars, 2.5 
See : Ces NAC in whi 2 Rooke aes, 2.6 
ere Ce ae 133) Sidhe 2.7 
Maas AB as 1 ee eas BEER arichay 2.8 
Cae at Eas ah A 7B \eovonte 2.6 
Bt Ti) 0 LUNA ates a Gisate ee cg eae 3.0 
Se OO etch. De eee Se San yee 2.9 
ae SOR aes fl Sef Meg DEGie gs le: 2.5 
I 20.5: SO) astrs 3 Sees SoG eee 207 
BOL 200i. SOS a Te ie ae BuBN vate 2.9 
Bat. 20 DOSER teeth CR Bierce 2.9 
BR Ney ISOS, & BBY ssacer 3.15 aie 
aa TSOR TOW pe ee. fll Neca 2.4 
Tests) 180, co 2 ieee 26: Phy Oat 225 
Hs id TSO toh BAY fe als,s SG ans 2.8 
ee TSO an VR ess Rare, 2).62 
i ee PSR 4. 2 LS ce cee eee 2.8 


b). Two Grids, 132 Kv to Ground, Charging 
Current, 60 Cycles 


Main 
_ Gap *Inter- 
Test Interrupted Arcing Per rupting 
Num- Current Time Grid Time 


ber ‘(Amperes) (Cycles) (Inches) (Cycles) 


aes he HOW sat ke ee Se eae 2.8 
_ eee Gitar ee. ae ae 2.8 
a Gor yen: Se be. SIG oon 27 
Bey...” Bona AOR FSU Yen 2.4 
re OOS wae 190 ORY eats L 2.6 
a Cy oe faa ie eee, 2.4 


‘Based on time of 1.4 cycles from energizing trip . 
oil to parting of contacts. 


mother with no intentional time delay. 
These derating factors have been stand- 
rdized in an attempt to take into con- 
ideration certain, residual effects, such. 
is temperature of the contact, accumu- 
ation of gas and carbon which may make 
he second interruption more difficult 
han the first.. It is obvious that these 
esidual effects will be minimized in pro- 
yortion as the arcing time and arc energy 


te reduced. This result is accomplished — 


n two ways by. the multiflow-deion grid 
ype of circuit interrupter. First, the 
essure-generating arc and the inter- 
upting arc in the higher-voltage breakers 
re drawn simultaneously, and second, 
he arc is deionized, without unnecessary 
engthening, by a multiplicity of radially 
nflowing streams of oil. Figure 5 shows 
cross section of the latest design of 
aultiflow deion grid for three-cycle opera- 
ion at 230 kv. In addition to the normal 
nultiflow deionizing action an auxiliary 
il-flow piston is provided to help inter- 
upt line-charging current without de- 
ayed restriking and also to provide 
ushing action when interrupting high 
ault currents. With regard to the 
rst function of this auxiliary piston, it 
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Figure 5. 


~ contact arm D, draw- 


“ contact H away from 
_ intermediate contact 


230-kv 
multiflow deion grid 
for three-cycle oper- 
ating time and 
2,500,000-kva_ rup- 
turing capacity 


\ 


Tripping of breaker 
releases main cross- 
arm A, allowing 
springs B to move 
operating-rod Gc 
down and to rotate 


ing pressure-gener- 
ating arc E. Simul- R 
taneously, pin F 
swings lever G 
downward, pulling 


LED) GLE ED Lad LG MEG LI LADUE IIE TEDL, 


asin 


1 to draw main arc J. 
Pressure from upper 
arc E drives oil 
through channel K 
to multiflow inlets | 
L, deionizing arc 

in multiorifice struc- 

ture M and sending LF 
afc products out 
vents N. Springs O 

push piston Pdown- J 
ward to provide — 
supplementary oil 
flow for low-current 
arc interruption, 
flowing oil through 
channel Q to orifice 
R in upper gap and 
then to main flow 
channel. Back pres- P 
sure from high-cur- 

rent arcs stops piston 

until arc is interrup- 

ted, when: comple- 

tion of stroke sends N 
flushing oil + flow 

, through grid 
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is well known that successive restriking 
during the interruption of transmission- 
line-charging current or the charging 
current to a large capacitor installation 
may, under unfavorable conditions, give 
rise to excessive overvoltage. However 
circuit breakers equipped with multiflow 


deion grids, which without piston may 


show one or occasionally two restrikes, 
actually did not develop more than 
twice normal voltage on field tests. 


Figure 6. Oscillogram of charging current 


interruption at 66 kv on 230-kv three-cycle 


rg multiflow deion grid unit 
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Figure 7. Oscillogram of 230-kv multiflow 
deion grid interruption at 132 kv to ground on 
35-cycle reclosing duty 


Fault equivalent to 2,500,000 kva, three phase, 
opened twice with interrupting time less than 
three cycles on each tripping operation 


Transients of this magnitude may be 
encountered in any case during the ener- 
gizing of a line or interrupting fault cur- 
tents. 

When only two interrupting units per 
/ pole for 230 kv were used, it was found 
that the contact separation at the end 
of one-half cycle after contact parting 
was insufficient to hold double normal 


Pears 4 
\. TRIP CONL 


ENERGIZED . 


Ce eee eRe eee eee mee meer 


HEAR 


F700 AMPERES 


voltage even’ with the gap completely 
filled with clean oil. The piston was, 
therefore, arranged with a delayed pickup 
so that oil flow is not started until after 
the contacts have opened approximately 
one inch. At the next current zero, the 
charging current is extinguished, and the 
insulation established in the contact gap 
becomes adequate to prevent restriking 
of the are. Note from Figure 5 that the 
oil flow ‘from the piston is directed 
through a single orifice in the top break 
to develop additional dielectric strength 
in this gap before passing into the chan- 
nels to the multiorifice structure in the 
main break. In Table I are listed 18 
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Figure 8. Oscillogram of 230- 
kv multiflow deion grid inter- 
ruption at 132-kv-to-ground 
clearing fault equivalent to 
4,300,000 kva, three phase, 
within two cycles after ener- 
gizing trip coil using only two 
grid units per breaker pole 
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Table Il. 230-Kv Three-Cycle Breaker Te 


(Two Grids Per Pole) ; 

(a). 132 Kv to Ground, 35-Cycle Reclosi 
Duty Cycle 
—— ee 
Interrupting F 
Time — : 
Interrupted Current (Cycles) . 
(Amperes) TT g 

Ist 2nd Ss *Re- 
Test 1st 2nd Inter- Inter- closing 
Num- Inter- Inter- rup- rup- Time 


Le. 1540505 5.. 54,050). 4 2.6) @. 2 Oe 
2. 08,950... .3;800) <2 588.s o2) Or meres 
3. .44,160... .-4,1800 20 2.857), +28 ee 
A, 56 8;500 5 5; TO08 vy 2 cD in. ele ee 
B..38;2003.., 5,700) send (sas fens ae 
6. .-..6,200......5,600.. ..2.3....2.90 7m 
Tie Oe: B; 850), oe 23000 5.2 - Beh ne Oe 
8. 248,500. 4. 38/050. v-...2.8- 2.23, OF nee 


(b). 132 Kv. to Ground, Single Opening 


Tests ; 

Equivalent — 

Test Interrupted Interrupting, 230 Ky, le 

Num- Current Time Three-Phase 

ber (Amperes) (Cycles) Kva 

Aerts ate BiS00).5 ys ne BERD. Pease 2,100,000 
Dy vant Pee, BS. GODIS corpses, Ye ae eo 2,220,000 
Morey, Say A 5300 Mes. 3 We DAE aah Paap 2,100,000 
BM Sy ie 6j200.0e. Ses Di iD eee aed 2,450,000 
Did hees LOO. cots: 2.0 . -4,300,000 — 

Getune 8;800 cc tu Sees PAR RM ES Ay 3,500,000 — 


198 Kv to Ground (Corresponds to Ungrounded 
Line Condition) 


(sn nae BVO Oise velit DD oid ae 1,620,000 
See penal 456003 avn er iy eaves 1,820,000 
ook Largs 6,300 DSO ersa cane 2,500,000 


* Time from initially energizing trip coil to re 
establishment of circuit on reclosing stroke. 


interruptions of charging’ currents with 
45, 90, and 180 amperes at 66,000 volts 
across a single grid unit, and also si 
interruptions of 90 amperes at 132,000 
volts across two grids. No delayed re- 


‘strikes occurred on any of these tests, a 


typical oscillogram being shown in Figure 
6. 

When short-circuit currents ate inter- 
rupted, the pressure developed by the 
arc within the interrupting unit is greatly 


Table Ill. 230-Ky Five-Cycle Breaker Tests 
132 Kv to Ground, 35-Cycle Reclosing Duty 


Cycle ‘ 
Interrupting 

Time d 

Interrupted Current (Cycles) ¢ 
(Amperes) *Re- 
——_—————._ lst 2nd_—s closing: 
Test Ist 2nd Inter- Inter- Time 
Num- Inter- Inter- rup- rup- (Cy- 
ber ruption ruption tion tion cles) 


—_——_—_—-. = 


1%..52,100). 2. AISO0K 2 ee da ee 
Zi. sa LO0).”... .1;900).4 a Gidiaceter0 eG See 
3. 172,050). . . .1/850). o. 18-4. .5 400... Sue 
&... + 5,050)... 3;8501™ 80k, . 1846. ee 
6. .44,660). . 73;900. .573.0,)...8.4.. 47020 
6s). ¢B,060'.. -3,800". 1.93.00 2.38.80 ee oem 
Tas ,060). .. .5, 5000. 02.8. eed coh ee Oa 
8......7,000\.... .5,600. 0.2.9, - a id0. sod 
92.28,600. .... 5,400... 2.2 0) 2 ody 


* Time from initially energizing trip coil to re-estab 
lishment of circuit on reclosing stroke. } 
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ae yee KS ee te ee 
ce ' - 
1 excess fae the spring pressure phatiged 
ehind the small oil-flow piston. The 
iston, therefore, does not function dur- 
ig the arc-rupturing process, but, after 
he circuit has been cleared and the 
ressure within the unit falls to a rela- 
ively low value, the piston then com- 
letes its delayed stroke, scavenging the 
ntire arcing space in both contact breaks 
ith a flow of clean oil. Even on a 20- 


ycle reclosing duty cycle there is suffi- 


ient time for this action to be com- 
leted so that when the breaker is re- 


losed, the deion grid is in substantially © 


he same condition as it would be on an 
iitial interruption. 


The oscillogram shown in pb ‘, is. 


ather remarkable in that it shows what 
; believed to be the first interruption of a 
urrent corresponding to a three-phase 
ault of 2,500,000 kva at 230 kv on a 35- 
ycle reclosing duty cycle, each inter- 
uption being accomplished in less than 
hree cycles from energizing the trip coil. 
f particular interest is the fact that this 
est was made with only two interrupting 
nits ina 72-inch tank. This was one of a 
erties of eight consecutive high-power 
eclosing tests listed in Table II. Also 
icluded in this table are nine tests show- 
ag the interrupting performance on single 


pening operations with 132 kv and with. 


98 kv across a single pole. The inter- 
uption of 10,900 amperes shown in 
igure 8 is equivalent to a three-phase 
rounded fault of 4,300,000 kva, this 
remendous power being cleared in the 
emarkably short time of only 2.0 cycles 
fter energizing the trip coil. The 198- 
v tests followed without examining the 
ontacts, which were found at the end 
f the series to have suffered surprisingly 
ttle deterioration with considerable life 
till remaining. 


In Figure 9 is the oscillogram of a 35- 
ycle-reclosing-duty-cycle test on a 230- 
v breaker using a multiflow deion grid 
or five-cycle interrupting time. This 
rid shown in Figure 10a, differs from the 
hree-cycle design in that there is no 
jultiplying lever system for the moving 
ontact and no auxiliary piston is pro- 
ided for low current interruption or 
cavenging action. The excellent per- 


emance . illustrated by the series of: 


ests in Table III gives evidence that on 
he 85-cycle reclosing duty cycle, and, 
ith relatively high-speed arc extinc- 


ion, highly satisfactory ie arma is 


btained. 

‘However, for the 20- cycle ears 
uty cycle, insufficient time is available 
ot the gas produced from the first inter- 
iption to be dissipated completely 
i the breaker is reclosed, and with- 
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Figure 9. Oscillogram of 230-kv five-cycle 

multiflow-deion-grid breaker pole-unit open- 

ing fault at 132 kv to ground, equivalent to 

2,800 Bey kva, three-phase, on 35-cycle re- 
closing duty: 


out the naantne action of the piston 
there would be a tendency, particularly 
in the higher-voltage breakers, for the 
arc to sparkover through the contact 
gap during the closing part of the stroke 
and impair the interrupting effectiveness 
of the second operation. 

At 138 kv the voltage gradient during 


a closing operation is considerably less 


than in a 230-kv breaker, and satisfactory 
reclosing performance has been obtained 


without a special oil-flushing arrange- 


ment. As far back as two years ago, field 
tests were made on a 132-kv oil circuit 
breaker with an older design of deion- 


grid contact operating on a 30-cycle 
- reclosing duty.’ 


These tests were made 
at currents up to 3,000 amperes or ap- 
proximately 750,000 kva. — 


The multiflow deion grids for five-cycle ; 
service at 138 kv utilize the simplified y 


consecutive contact-opening design illus- 
trated by Figure 10b. A special labora- 
tory test connection was used, supplying 
44-kv three-phase power to the single- 
pole unit, the third phase being brought 


into the breaker moving contact crossbar . 


by a flexible connection fastened to the 
bottom of the tank. In this way 44 kv 
was applied to the deion grid on each ter- 
minal, the two in series normally being 
subjected to 76 kv, or line-to-ground 
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Me Sh, a. 
fame TRIPS. 


circuit current of 9,000 amperes success- 


fully interrupted on a 20-cycle-reclosing 
duty-cycle test corresponding to ap- 
The arcing = 


proximately 2,250,000 kva. 
time on both of these tests was approxi- 


mately three cycles. No better evidence 
of the exceptionally low are energy and . 


gas generation in the multiflow deion 
grids under short-circuit conditions would 


seem to be required than the excellent — 


results obtained on this very severe 


rupturing duty. However, a further 
striking demonstration of the low stress 


in the breaker tank was obtained by 
balancing a 1/,inch bolt six inches long 
on its head on a board clamped in a 


Table IV. 


= 


‘ Equiv- 


Interrupted Interrupting alent 
_ Current Time* 132 Ky, 
Test (Amperes) (Cycles) Three- 
um- Phase 
ber GridA GridB GridA Grid B Kva 
1... 5,800... 3,900....4.3....4.6..1,220,000 
2... 5,800... 4,200....4.6....4.9..1,340,000 
8... 5,500... 7,500....4.3....4.0..1,720,000 
‘4,., 6,300... 7,500,...4.5....4:2..1,720,000 
5.%', 5;800%.:: 7,600... 4.3090, 4.6, 0 Feu, 
(ae ne «. 8,900..,.4.1....4.9..2,050,000 
7... 8,000... 9,200,...4.1....4.2..2,100,000 
8... 9,200... 8,900....4.3....4.5..2,100,000 
i 9. ‘10, 300. 111,500. ...4,.8....4.5..2,650,000 
10.. 9,700. ..11,500....4.5....4.7..2,650,000 
i Wa "18,300. . . -15,500....4.3....4.1..4,200,000 


* Based on time of 2.3 cycles from energizing trip 
coil to parting of contacts. 
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138-Kv Five-Cycle Breaker Tests 
44 Ky Applied to Grid on’ Each Terminal 


potential on a 132-kv system. The a 
oscillogram in Figure 11 shows a short- 


“ 


Figure 10. Maulti- 
flow deion grids for 
- 230-kv __five-cycle 
breaker and 138-kv 
five-cycle breaker 


A. 230-ky five-cycle 
breaker, multiorifice 
grid assembly 


B. 138-kv five-cycle 
breaker, multiorifice 
grid assembly 


(8) 


level position on top of the breaker tank. 
Single opening tests were carried up to 
short-circuit currents of as high as 
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18,300 amperes (see Table IV) corre- 
sponding to a three-phase fault of 4,200,- 
000 kva at 132 kv, without the steel bolt 
toppling over. ie 


Conclusion 


As a result of extensive design and 


_ testing of high-voltage oil circuit breakers 


suitable for rapid reclosing duty cycles, 


‘the following general conclusions may 


be drawn: 


1. If the recently developed multiflow- 
deion-grid type of contacts is used, it ap- 


‘pears practical to build high-voltage oil cir- 


cuit breakers of maximum kilovolt-amperes 
with structural dimensions determined al- 
most entirely by the electrical-insulation 
requirements. 


2. Using a small auxiliary oil-flushing pis- 
ton, a 230-kv breaker has been designed 


which is capable of interrupting line-charg-. 


ing current with a minimum of restriking. 
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‘able for high-capacity oil circuit break 


-W. M. Leeds. AIEE TRANSACTIONS, Vo! 


{ 
84900 AMP 


multiflow-deion-grid-breaker pole-unit op 
ing fault at 44 kv across each unit equiva 
to 2,250,000 kva, three-phase, r Ic 


within 22 cycles for second tripping of 


s 
3. The low are energy of the multi 
interrupters makes them particularly suit 


rated from 115 ky to 230 kv applied on rapi 
reclosing duty cycles. 1 
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HE urgent necessity for pooling re- 
i serve generating capacity has accentu- 
ed the importance of single tie-line inter- 
nections equipped with high-speed 
closing breakers. In many cases faults 
1 a single tie line between two sytems 
in be cleared, and the line can be re- 
osed with the same reliability that-would 
> obtained if two lines were used without 
gh-speed reclosure. Where a single tie 
ne is used to transmit power between 
vo systems the line must be reclosed 
st enough, following a fault, so that 
mehronism is maintained. Further, 
le resultant power surges and voltage 
ps should not cause excessive shock to 
le system. A brief review of system 
srformance during a reclosing cycle is 
resented to outline factors that are | 
volved. ; 
Many practical cases have tees ana- 
zed to determine the transient-stability 
mits for successful reclosure of single 
e lines between steam-generating sta- 
ons. These studies covered a wide 
nge of generating capacities, amount of 
ower transfer, various transmission 
oltages, and distances between systems. 
hese data are shown in curve form which 
jould be quite useful in determining the - 
asibility of reclosing and as a guide to. 
ie type of commercially available equip- 
lent best suited for a specific case. 


ystem Performance During a 
Reclosing Cycle 


In order to visualize readily what hap- 
ens during a complete reclosing cycle, 
is convenient to divide the sequence of 
peration in four steps, as follows: 

The initial condition (steady state prior 
» fault). ; 

The fault condition. 


uper 44-30, recommended by the AIEE commit- 
es of power generation and power transmission 
id distribution for presentation at the AIEE 
inter technical meeting, New York, N. Y., 
muary 24-28, 1944. Manuscript gubinitted 
ovember 9, 1943; made available for printing 
ecember 2, 1943. 
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3. The fault-cleared condition (breaker 
open or de-energized period). 


4. Condition after breakers are reclosed. 


The sequence of events which take 
place during the reclosing cycle causes the 
electric outputs of the generators to differ 
from their respective prime-mover in- 
puts. These changes result in swings 
of the rotors, the magnitudes of which 


are determined by the specific system and — 


machine characteristics and the operat- 


SENDING SYSTEM “Ss” 


PRIME on 


MOVER SENS reaNsFORMER 


FAULT 


LOADS 


(A) 


0 30 60 90 120 ISO 180 
s-Or 
(B) 


. 


ing conditions. Figures 1, 2, and 3 il- 
lustrate a typical case of successful re- 
closure following a fault on a single tie 
line. Ifreclosing had not been applied, in 
order to transmit firm power between 
the systems, two lines with a total of 
four breakers and control equipments 
would have been required. This example 


will be recognized as the familiar tran- 


sient-stability problem in which the rotor 
positions and system voltage and current 


changes are obtained by well-known step- 


by-step stability calculations.¥** 

It is evident that, for any particular 
problem of tie-line reclosing involving a 
specific system, the factors affecting the 
transient-stability problem, and thus the 
choice of switching and control equip- 
ment, depend upon the electric-power 
output of the synchronous machines dur- 
ing the four periods in the reclosing cycle 
and the duration of these periods. The 
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TRANSFORMER 
POWER FLOW Ni 
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% 
INITIAL 


© 30 60 90 120 150 


‘ 


power relations can be obtained either 
analytically or preferably by a-c network- 
calculator solution of the electrical net- 
works involved. 


Gain in System Performance With — 


Single-Pole Switching 


Consideration of single-pole switching 
presupposes that the transformer banks 
at both ends of the tie line are grounded 
solidly or through low values of imped- 
ance. The protective and reclosing relays 
are arranged to trip and reclose only those 
poles necessary to clear the fault. The 
utifaulted wire or wires and ground are 
available for transmitting power and 
maintaining voltage during the period 
when the faulted wire or wires are de- 
energized. Since the majority of faults 
do not involve all three wires, single- 
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FAULT_AT"X" 
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Figure 1. Power-flow characteristics of two 
systems connected by a single tie line 


- A. System diagram 


B. Power-angle curves of the sending system 
for normal three-phase fault and line-open 
conditions 


g=rotor phase angle of the sending- system. 


generators 


$n =rotor phase angle of the receiving- system. 


generators 
C. Same as B except for receiving system 


pole switching in many cases will afford 
improved system performance, 

Figure 4 shows a comparison of the 
phase-angle swings for three single-pole 
(individually operated) versus three-pole 
(gang-operated) breakers for various 
types of fauJts in a typical system. For 
a three-phase fault (Figure 4A) all three 
poles have to be opened to clear the fault 
so that there is no comparison between 


TrRANSaAcTIONS 119 
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ROTOR POSITION IN 
EGREES 


' for this case. 
considerable improvement in system op- 


» voltage on the load busses. 


' two systems. 


SENDING GENS” 


PER CENT OF INITIAL OUTPUT 


INITIAL OUTPUT 


TIME IN 
SECONDS 


Figure 2. Electric-power output of generators 


for a typical reclosing cycle of the tie line of 


Figure 1 


* The fault near the sending ard of the line is 


cleared in 0.1 second, and the line reclosed 
in 0. 3 second - 


eo] RELATIVE PHASE,/~ ~~ 
ANGLE 7 


Oe $e 


ELECTRICAL DE 


or : 
RECEIVING GEN.(R) 
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INITIAL |FA 
OPERATION 


’ 


‘Fieuwe 3. Rotor positions during the fbi 
clearing and reclosing cycle of the tie line: of 


pots 1 


three single-pole or avers eine 
Figures 4B and 4C show 


eration with single-pole switching, as 


indicated by the smaller swings in phase — 


angle of the generators. 

Another measure of the severity of the 
disturbance to the system is the drop in 
In general, 
the voltages decrease with the increase of 


the phase-angle difference between the | 
For the case of Figure 4. 


the voltage at maximum swing at the 
receiver load bus in per cent of normal is 
shown in Table I. 


Determination of the Type of 
Switching to Be Used for Specific 
Applications 


The question to be decided in the deter- 
mination of the proper choice of reclosing 
equipment is what type of commercially 
available reclosing breakers and control 
should be used when a desired amount of 
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Figure 5: 


1P30~ = individual 


_ over 100 practical solutions. 


ot 2.3 14 5 6 


“SWITCHING 


Figure 4. Comparison of system swings following fault, clearing of fault, and reclosing of 
single tie line ; ia 


Falk cleared in nine cycles (0. 15 second), ad the line reclosed in a total time of 
cycles (0.35 ee a 


quae 


} 

Transient-stability 

limit for reclosing of a single 

tie line between two systems 

with equal steam-generating -9 
capacity connected 


Base equals generating capacity 
in either system. Per unit 
power transmitted is referred to 
this base. Faults are double 
line to ground cleared in 0.15 
second (nine cycles) 


3P30~ =three-pole gang-op- 
erated breakers reclosed in 30 
cycles. 3P20~=three-pole . 
gang-operated breakers re- 
closed in 20 cycles 


PER UNIT POWER Raga 


pole-op- 
erated breakers reclosed in 30 
cycles. 1P20~=individual 
pole-operated breakers re- 
closed in 20 cycles 


I 


power is to be transmitted a given dis- 


tance over a single line between two sys-— 


tems. Figures 5, 6, and 7 will be found 
directly useful in answering this question 
in a great many cases. These curves 
present the results of investigations of 


shows the transient-stability limits based 
on two line-to-ground faults for various 


ratios of power transmitted to size of the © 


system plotted against a measure of the 
electrical length of the transmission line. 


_ There are four curves in each figure, one 


for each of four commercially available re- 
closing-breaker schemes. In addition on 
Figure 7 there is shown thecurve for three- 
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_Ps=!.0 
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pole 35-cycle reclosing. It is recogni 
that, at some of the higher-trans1 
voltages, this rather than 30 cy es i 
standard. The areas to the left and 
low these curves are regions below 
transient-stability limit where successit 
reclosure would be obtained. The | 
to the right and above the curv 
above the transient-stability limits 
the respective types of sae al 
ment. 

The use of these curves is illustrated j 
Table II where several typical exam 
are shown. The choice of which gro 
curves to use depends on the rel: 
sizes of the sending and receiver syste: 
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Figure 6.  Transient-stability 
limit for reclosing of a single 
tie line between two systems 
with the steam-generating ca- 
pacity of the sending system 
five times that of the receiving 
system 


Base equals generating capacity 

in receiver system. Per unit. 

power is referred to this base. 

Faults are double line to 

ground cleared in 0.15 sec- 
ond (nine cycles) 


Figure 7. Transient- 
stability limit for 
reclosing of a single 
tie line between two 
systems with the 
steam-generating ca- 
pacity of the receiv- 
ing system five times 
that of the sending 
system 


Base equals genera- 
tor capacity in re- 
' ceiving system. Per 
unit power  trans- 
mitted is referred to 
this base. Faults are 
double line to 
ground cleared in 
0.15 second (nine 
cycles) 


Figure 8. Electrical 
representation of 
condition following — 
the clearing of a 
fault on a_ single 

tie line \ 


A Cleft). Two-line- 

to ground fault on a ° 

short line (negligible 
charging capacity) | 


B (right). Two-line- 
to ground fault on a 
long line (charging 
capacity included) 


POSITIVE 


Table l 


Per Cent 
of Normal System Voltage 


Single-Pole 


Type of Fault Switching © Switching 


Three phase Ss oSd ba Shae 73.5. .73.5 (all 3 poles open) 
Two lines to ground. .74.5..82 (2 poles open) 
One line to ground,,..78.0..93 (1 pole open) 


‘ 


Figure 5 is used if they are equal sub- 
stantially. Figure 6 is used if the send- 
ing-end connected capacity is in the order 
of five times that of the receiver. Figure 
7 is used if the receiver system has five 
times the capacity_of the sending system. 
For other relative sizes interpolation is 
possible. 

The data plotted on Figures 5, 6, and 7 
were obtained from transient-stability 
solutions of examples with constants and 
initial operating conditions so chosen that 
the results applied to a large range of 
systems. 


practical operating conditions. The base 
selected was equal to the kilowatt ca- 
pacity of the receiver system. The total 
amount of generation in either system 
was assumed to be made up of the neces- 
sary number of 1,800-rpm 80 per cent 
power-factor machines operating at full 
kilowatt load and excitation as required. 
The constants of the machines used were 
Joh — pees Xa =0.23; x2.=0.15, 7,= 0.900, 
and r2=0.035. The shunt loads were 


assumed to be at 85 per cent power — 


TWO POLES AT'S AND ‘R’ OPENED 


NEGATIVE Sp 
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THREE @ SYSTEM WITH ONE LINE REPRESENTATION ’ 
OF BALANCED PORTIONS OF NETWORK ~ 


POSITIVE 
NEGATIVE 


SYMMETRICAL COMPONENT REPRESENTATION ¢ 


if RATIO 
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The initial operating conditions 
for each point on the curves were obtained . 
by establishing voltage and power flows — 
that could be expected reasonably under | 
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Table II. Examples of Use of Figures 5, 6, and 7 to Determine Suitable Switching for Specific 
2 Cases s 


PS5=Generation at Sending End (Megawatts) 
PR=Generation at Receiving End (Megawatts) 
PT =Maximum Power to Be Transmitted (Megawatts) ~ 


ie Cee Ce eae ER he tree oa ETE Se Sa 
tions that nee can re fea as 


Known System Characteristics Synchronism* 

- Per Miles Maintained With 
_ Case ; Kilo- Unit xX Base ; Use Following Types 
Number PS PR PT volts Miles PT Ky? PS/PR Figure of Reclosing 

: 1 pole, 30 cycle 

Titers « BO ee Mapes eD seis OO ama O asa cO: theese: OVae oe chs Uae rt ackt 5...%43 pole, 20 cycle 

; » (1 pole, 20 cycle 

V4 eto TOO ae OO ne COs eit LOR ae OO repo OIG i9y ce cteas ELE mie a Dantas Biss one 

: (3 pole, 30 cycle 

oo See DEO we en DO O ONG ere Ont Oi hte e els O42 aaj cracts 5 6...) 1 pole, 30 cycle 

8 pole, 20 cycle 

: ' 1 pole, 20 cycle 

te BOO LOO ae TOE ere LUO) peter ALO no. tOste tes, snares Ov Sesto aaa a, Bisco te 1 pole, 20 cycle 

; : 7 Mt Bs 1 pole, 30 cycle 

eS he eee) = ee LOO: oo allo. Oicaey DOs «rev Ole Dints iors « ALG es OD sexenens 7...%38 pole, 20 cycle 
: ; : 1 pole, 20 cycle ~ 

P62 2. see 1004. ..0500:. 220): me LILO. 2 (904.55, 20) 14: nice, Bia Lidexsiziece O25 tan i borer Ch 1 pole, 20 cycle 


a 
| * When more than one type of reclosing is suitable so far as maintaining synchronism is concerned, the final 


choice will depend on other factors, such as the severity of the disturbance as measured by the voltage ‘dips 


~ and power surges. 


factor. The line regulation was ad- 
justed to ten per cent. In certain cases 
this required that reactive kilovolt- 
amperes be furnished by the receiver sys- 
tem in excess of the capacity of the re- 
ceiver generators. In these cases the 
additional reactive kilovolt-amperes re- 
quired were assumed to be supplied. by 
synchronous condensers. The inertia 


of these condensers was not included in — 


the swing calculations as it usually was 
so small as to be negligible, and, even 


where condensers of considerable size 


were used, the omission of their inertia 
would tend to give pessimistic results. 
Standard step-up and step-down trans- 


formers with per unit reactance of 0.085 — 


were used. They were assumed to be 
connected delta-wye with the neutrals on 
the high side solidly grounded. The size 
of the transformers was equal to the power 
transmitted. 

_ The line had the following character- 
‘istics: y 


1 =0.71 ohm per mile ‘ 
4, =5.8(10)~* mhos per mile 
ro =0.45 ohm per mile 
% =2.84 ohms per mile 
71=0.35 ohm per mile, or a value which 
would give 10 per cent loss in the line, 


whichever gave the smaller value of 


resistance 
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In using these line characteristics to 
obtain systems with practical operating 
conditions, it was assumed that the line 
would be operated at approximately 
tunity power-factor loading. This means 
that the line charging kilovolt-amperes 
would be about equall to the 72 consumed 
in the line. 

The transient stability of the systetus 


for the different distances and amounts of 


power transferred was calculated by ob- 
taining the required power-angle dia- 


grams from a-c network-calculator solu- 


tion for: y 


1. The initial and reclosed conditions. 


2. Two-wire-to-ground faults as the cri- - 


terion for transient stability. ; 
8. Two poles open for single-pole-opening 
breakers (see appendix). 


4. Three poles open for ee ee 
breakers. 


When these power-angle diagrams were 


‘used, the usual step-by-step method of 


calculation was employed to determine 


the phase-angle swings of the machines 


for the various types of operation. By 
varying the length of line with all the 


other conditions held constant, the criti- 


cal point was reached where an increase 
in distance would result in instability, 
and where shorter distances would prove 
stable. 
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Conclusion 


The curves on Figures 5, 
Were the results of feed al 


choosing the type of reclosing equipm 5 

for a single tie line between two 

generating systems. m 
An inspection of these curves” 


around Pari shes addit 
vantages of single-pole switch: 
because the majority of faults (70 p 

or more) are single line to grot 
only one breaker pole is open, consi 


This results in reduced voltage dips : 
system oscillations, as illustrated 
Table I and Figure 4. «Te 


Appendix!  — 
ie 
iG 

Figutes 8A and 8B show the electrica 
connections of the three sequence netwo: 
to represent the unbalanced systen 
tions obtained by single-pole swit 
may be noted that, where there 
‘connections to the opened line as i 
_ 8B, the multiple unbalances so pr : 
represented by using 1-to-1 ratio tt 
formers in the connection of the netw 
These connections have been. develo 
fundamentals previously described 
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Rectifier-Circuit Duty 


C. C. HERSKIND ty 


MEMBER AIEE 


HE usual rectifier unit consists of a 
transformer with a number of recti- 
ring elements connected to its secondary 
indings. The rectifying action may be 


solved into two parts, namely, the cir- © 


it action which is determined by the 
ansformer and the a-c and d-c circuits, 
nd the unidirectional switching action 
hich is performed by the rectifying 
lements. The circuit action is defined 
y the number, arrangement, and con- 
rants of-the circuits connecting the .a-c 
nd d-c systems. The switching action 
onsists of connecting the various second- 
ry windings of the transformer to the 
ad circuit at selected intervals during 
ach cycle by means of mercury-arc recti- 
ers, metallic rectifiers, vacuum tubes, 
nd other types of rectifying elements. 

The size and characteristics of the 
sctifying elements required for any recti- 
er unit depend upon the current each 
must carry during the conduction period 
nd the voltage it must withstand during 
ae idle period. . Although the rectifying 
lement may control the time at which 
onduction starts (as, for example, in 
hase-controlled rectifiers), in other re- 
pects it is a passive element, since the 
oltage and current impressed upon it 
re determined by the circuit constants. 
‘he nature and value of the volt- 
ge attd current appearing on the recti- 
ying elements, that is, the loading on 
iese elements, may be termed the cir- 


nit duty. Conversely, thé capability _ 


f the rectifying element may be termed 
ie rectifier capacity. The rectifier ca- 
acity may be measured in terms of the 
laximum circuit duty at which it is 
upable of operating without failure. 

These terms may be defined as follows: 


_ The rectifier-circuit duty is the voltage 
nd current loading applied to the rectifying 
ement by the rectifier circuit. 

The rectifier capacity is the maximum 
ading at which the rectifying element is 
upable of operating without failure. It 
lay be expressed in the same terms as the 
reuit duty. 


The ee of rectifier-circuit hats 
nd rectifier capacity provides a con- 


sper 44-41, recommended by the AIEE committee 
1 electronics for presentation at the AIEE winter 
echnical meeting; New York, N. Y., January 24-28, 
44. Manuscript submitted November 26, 1943; 
ade available for printing December 11, 1943. 
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_ variety of applications. 


\ 


venient and useful means for analyzing 
the action taking place in any rectifier 
equipment. 
engineering functions into two parts, one 


of which deals with the analysis and ap- 


plication of rectifier circuits, whereas 
the other is concerned with the design 
and construction of suitable rectifying 
elements. Such a division of the engi- 
neering functions involved in rectifier 
design is not new but has been employed 
for some time in the design of small 


vacuum-tube rectifiers, where the per- — 


formance of the tube is specified by, itself, 
and the same tube may be used in a wide 
The effect of 
circuit upon performance is recognized 
also in the design and application of 
metallic rectifiers. 

The application of this method of ana- 
lyzing rectifier action requiresa knowl- 
edge of the factors which limit the rating 
of the rectifying elements. Since arc- 
back behavior is a primary consideration 
in the performance and rating of mercury- 
are rectifiers, and the functional rela- 
tions between circuit factors and arc-back 
have not been established fully, this 
method has heretofore been used only in 
a very general way. However, a better 


understanding of the factors which limit ° 


rectifier rating is obtained if the circuit 


' duty is determined on the basis of rela- 
tions between the impressed voltage and 


cutrent and the occurrence of arc-back, 
as indicated by studies of the physical 
action taking place within the rectifier. 

It is the object of this paper to present 
an analysis of rectifier circuits in terms 
of circuit duty and rectifier capacity, 
discuss the various factors involved, and 
compare the various types of pence 
circuits. 


‘Elements of Circuit Duty 


It appears axiomatic that the duty on 
the rectifying elements arises from both 
the magnitude and the shape of the 
voltage and current waves, the effect of 
wave form depending upon the type of 
rectifying element employed. 

Typical voltage and current waves on 
the rectifying element in a rectifier cir- 
cuit are shown in Figure 1. A study of 
the physical processes which take place 
in the rectifying elements indicates that 
the circuit duty may be expressed in 
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It permits a division of. 


terms of the following voltages and cur- 
rents: 


Voltage 


1, Peak inverse voltage. 
2. Rmsi inverse voltage. 
3. Initial inverse voltage. 
4. Peak forward voltage. 


Current 


5. Average current. 

6. Peak current. 

7. Rms current. 

8. Final commutation rate. 


PEAK INVERSE VOLTAGE 


The peak inverse voltage is a measure 
of the maximum dielectric stress applied 
across the rectifying element during the 
idle period. Failure from excess voltage 
may take various forms, such as flashover, 


puncture of dielectric materials, or ex- 


cessive glow discharge resulting in arc- 
back. : 


Ras INVERSE VOLTAGE 


The rms value of the inverse voltage 
appears to be important only in the 
case of rectifiers having appreciable leak- 
age current during the inverse period, 
where it provides a measure of the heat- 
ing resulting from this leakage current. 
The leakage resistance characteristics of 


metallic rectifiers (such as the copper- 


oxide and selenium types) are nonlinear, 
and an accurate determination of the 
losses may require weighting factors other 
than those given by rms values. How- 
ever, the heating due to the leakage cur- 
rent is usually given in terms of the rms 
values of the inverse voltage because of 
the ease with which such values may be 
determined. 


. 


INITIAL INVERSE , VOLTAGE 


The ionization in a mercury-arc rectifier 
does not disappear immediately upon the 


extinction of anode current, and, there- - 


fore, some residual ionization is present 
during the idle period. The amount of 
the residual ionization is greatest at the 
beginning of the idle period and decays 
as a function of time. The action of the 


VOLTAGE (ANODE TO CATHODE) 


Typical voltage and current waves 
on rectifying element 


Figure 1. 
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“INITIAL INVERSE 7 VOLTAGE (IN PER-UNIT) 
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Figure 2. 


Ta eee ’ 
Initial inverse vyolt- 
age P=3 - 


- Per Bu base is Ego 


_ THREE PHASE 


se 
& 


en 


cE, “? sin (u+ea) 
do ’ 


_ d-e voltage reduced by phase contro! 


AVERAGE CURRENT “4 


Figure 3. Final com- 
mutation rate P=3, 
f=60 cycles 


a values of 


at Gil given on curve 


by cilirest current 

commutated |, to ob- 

tain commutation rate 

in amperes per sec- 
: ond 


di Sar r] 
dt a/2 x il 


the capacity of the rectifying elemen 
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af 
it 
+ et 


rectifying element during the latter f D 
_ of the idle period. This forward volt 


‘control characteristics of the recti 


before the desired firing time. 


' this reason the current capacity of t 
rectifying element is. customarily 


rectifier circuit 


DERI 2 This ete. 
ing upon the residual ionizati 
eal ions to the anode. 


arc s ecudee 


PEAK FORWARD VouTacr 
When a rectifier is operated with | : 


positive voltage is applied across 


imposes a further requirement upon 


element, since conduction must not | 


The average current passed by 
rectifying element is a convenient: 
ure of the duty imposed upon it, 
this value bears a simple relation t 
load current on the rectifier unit. 


pressed in terms of pedis cu 


bear so definite a relations ‘ hee 
cal action and physical limitations of 
rectifying element as do the peak 

rms current values. . ! 


PEAK CURRENT « n 


The losses resulting from the pass 
current are one of the factors which 


However, the nature of the current li 
tions in mercury-arc rectifiers is somew 
different from that in other electri 
paratus, since failure by arc-back 1 
occur without measurable tempera 


Figure 4. Comparison of circuit duty of 
| rectifiers ~ ‘ 

12 
"TWELVE PHASE b 


nw te a ee} 

Ai “d 7 - ; 

ise. As the instantaneous arc drop is a 
unction of the instantaneous current, the 
eak anode current is an important factor 
m the determination of the loading. 
‘urthermore, the conditions existing in 
he mercury vapor at the end of the con- 
lucting period are a function of the peak 
“utrent which has passed during conduc- 
don, and the peak current, therefore, in- 
luences the prob ability of arc-back. In 
she case of heated cathode rectifiers, the 
sutput of the rectifier is limited by the 
maximum emission which may be ob- 


tained from the cathode without damage. 


Rus CURRENT 


The heating in the leads and other con- 
ducting parts of the rectifying element 
depends upon the rms value of the 
current. 


FINAL COMMUTATION RATE 

The amount of residual ionization 
present at the beginning of the inverse 
period depends in large measure upon 
the rate of reduction of current during 
the last few degrees of conduction. The 


final commutation rate is the rate of | 
change of anode current at the instant of | 


extinction and in some cases may be 
taken as a measure of the amount of 
residual ionization present in the recti- 
fier at the time that the initial inverse 
voltage appears across it. Therefore, the 
final commutation rate is a further 
element i in the duty on the rectifier. 

~ The commutation rate also may be of 


importance during the initial part of the | 


conduction period when the rate of cur- 
rent build-up exceeds the ionization rate 
of the rectifier. Under such conditions 


additional local heating and voltage . 


stresses may be imposed upon the recti- 
fier. 


_ The researches of Kingdon and Lawton! 


have shown that there is a definite rela- 


tion between the residual ionization and. 
the arc-back frequency. Under certain. 


conditions the frequency of arc-back due 
to residual ionization is a function of the 
product of the initial inverse voltage by 
the final commutation rate. Since arc- 
backs in mercury-arc rectifiers are catised 
‘by many factors, this relationship has not 
been established fully on commercial 
rectifiers. 
many rectifier installations indicates that 
‘some such relationship does exist. 


Determination of Circuit Duty 

' (Circuit Analysis) 

? 

‘The circuit duty may be determined 
by an analysis of the action in a simple 
‘rectifier circuit. The formulas for the 
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| 

- |INEAGH JIN EQUIV, SIMPLE 
SIMPLE SIMP 

JRECTIFIER REuTFEnRECTIERS ; 


en =K 


However, experience with _ 


| _NO. OF PHASES | TNO. OF PHASES | NO.OF 


CIRCUIT 
DIAGRAMS 


Figure 5. Multiple rectifiers 


. 


various elements of circuit duty for a 

simple rectifier of P phases follow. | 
The peak inverse voltage (e,;) ex- 

pressed in terms of the theoretical d-c 

voltage Eg, is 

fe; Ego (1) 

P $i P ‘ 


where 


K =ratio of secondary voltage across phases 
to secondary voltage line to neutral 
(When P= the value of K is +/3, 
and when P =2, 4, 6, and 12 the value of 
K is 2) 


The rms inverse voltage is not given 
here but may be determined from the 
inverse-voltage wave by integration. 


The initial inverse voltage (e,) is given 


by the expression | 


\ 


(2) 


Qr 
On => Ego sin (u+a) 


where 


u=angle of overlap and 

a=arngle of phase retard 

_ The initial inverse voltage for a simple 

three-phase rectifier is shown in Figure 2. 
The peak forward voltage (py) is 

(3) 


Qn 
=D Ego sin a 


The average and rms current passing 
through the rectifier elements may be 
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average current =— 


expressed in terms of the direct current 


-commutated J, (peak current) as follows: 


(4) 


Uap 
ae &) 


The final commutation rate (di/dt) K 


may be obtained by differentiating the 
expression for the commutating current, __ 
The resulting value is ole 
a he Sea tp is 
4 7 
a _| va ® sin 5 | sn (u+a) (6). 2a s 
@ iP E; ot ; ‘ # 
|p oe lee Ca 
> a 
where a 
w=2nf, f=frequency of supply system f ‘ 
X,=commutating reactance, ohms line to _ 4 
neutral : Bt 
E,=secondary voltage to neutral in rms 
volts % 
The variation in final commutation — F 


rate with the reactance factor is shown in 
Figure 3. 

The analysis of any of the more com- 
plex rectifier circuits is facilitated ee 
breaking them down into their com- 
ponent simple rectifiers. In cases where 
the rectifier installation has many phases 
which are displaced so as to obtain an 
equivalent simple rectifier with many 
phases, commutations will overlap, and 
the determination of the initial inverse 
voltage and final commutation rate ball 
comes more difficult. Although it is — ” 
possible to analyze such circuits, in gen- — 
eral, it may be more practical to deter- 
mine these elements of circuit ane byes 


direct measurement. ae 
f te 


i ia, ae ae 


a 
Ta 


Circuit Constants Versus Circuit. é 
Duty 


M it + —— 


3 


Rectifier specifications covering me 
and operating characteristics usually — 
include the following factors: 


Pa) be 


. 
“> 


a ‘Connection diagram (number of phases 
of equivalent simple rectifier). 


i =) 


2. D-c voltage. 
8. Load current. ; 
4. Voltage regulation (reactance of trans- P 


- 
former and a-c system). M: . 
5. Amount of phase control. a 
& 


The preceding factors, while they are 
very useful in the description of the com- 
plete equipment, do not provide much 
information with regard to the choice of 
rectifying elements. However, these 
factors bear a functional relationship 
to the elements of circuit duty and serve 
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CIRCUIT 
DIAGRAMS © 


IN peor teises IN EQUIV. 
‘SIMPLE ae See 


sath dak era 


| (DOUBLE~-SIX PHASE) 


‘Figure 6. Parallel rectifiers 


as a basis for the determination of the 
circuit duty imposed on the rectifying 
elements. The relationship between 
- these factors and circuit duty is shown 
by the following examples: 


SIMPLE RECTIFIERS 


The wave form of the voltage and cur- 
rent on the rectifying elements for various 
simple rectifiers is shown in Figure 4. 
The circuit duty for each of these con- 
nections may be calculated by the fore- 
going formulas. 


MULTIPLE RECTIFIERS 


Most rectifier installations use a com- 
bination of simple rectifiers in multiple, 


parallel, cascade, or series in order to ob- 


tain the most economical arrangement 
and the deSired operating characteristics. 
Such circuits may be broken down into 
. component simple rectifiers and circuit 
duty determined from the foregoing for- 
mulas. A number of commonly used 
multiple rectifier circuits is shown in 
Figure 5 and two parallel rectifier circuits 
in Figure 6. 


DouBLE-Way RECTIFIERS 


¢ 


the form of simple rectifiers in cascade 
or series. Figure 7 shows two frequently 
used double-way rectifier circuits with 
the equivalent cascade or series circuits. 


COMPARISON OF THREE SIxX-PHASE 
CIRCUITS 


A comparison of the circuit duty in- 
curred in three different six-phase recti- 
fier circuits having the same rating and 
the same regulation characteristics is 


shown in Figure 8. The values given in . 


this comparison are based on a six-anode 
rectifier rated 1,500 kw at 600 volts and 
2,500 amperes. The theoretical voltage 
for each of the three cases is Hz,=650, 
and the voltage regulation due to trans- 
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Double-way circuits may be reduced to. 


Figure 7. Double-way rectifiers 


’ 


\ 


former reactance 
E,/Ea,=0.035. With the usual trans- 
former resistance such a rectifier would 
have a normal regulation of approximately 
five per cent. It is assumed that the 
rectifier is operated with no phase retard. 


EFFECT OF REACTANCE 


- The effect of reactance upon the initial 
inverse voltage and final commutation 
rate is shown in Figure 9. With refer- 
ence to this figure, the solid curves are 


the same as those for the delta double-— 


wye rectifier circuit in Figure 8 and fora 
rectifier having a voltage regulation 
E,/Ea=0.035. The dotted curves give 
the values for a rectifier having twice the 
transformer reactance and, therefore, 
twice the value of regulation. The 
effect of increased reactance is to increase 
the initial inverse voltage and to reduce 
the commutation rate. ; 


EFFECT OF PHASE CONTROL 


The effect of phase control upon the 
initial inverse voltage and final commu- 
tation rate is shown in Figures 2 and 3. 
The application of phase control increases 


both the initial inverse voltage and the 


final commutation rate. Experience 
shows that the probability of arc-back 
is increased when a rectifier is operated 
with phase control. 


Selection of Rectifier Circuits 


The choice of the rectifier circuit for 
‘any specific application is based on con- - 


siderations involving wave form, power 
factor, regulation, 
quirements. The rating and character- 
istics of the rectifying elements available 
must be considered also. 


/ 


WAVE Form 


' The number of phases of the rectifier 


circuit is selected so as to obtain a suit- 
able wave form. Most rectifier equip- 
ments in the higher ratings consist of a 
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. 


is assumed to be _ 


Figure 100, the values of transfo 


and efficiency re-— 


CIRCUIT 
DIAGRAMS _ 


of the hentia in. alee a-c feet as -C 
tems, The minimum number of pl 
is usually six, and the number increases t 
12, 24, 36, and so forth for the lars 
installations. ? 


REGULATION __ 

The inherent regulation of the rectit 
is determined primarily by the reactance 
of the rectifier transformer. The v: 


desired eee direc : 

Another important consideration 
the selection of transformer cir 
reactance is the magnitude of fault 
rent under d-c short circuit and are-bac 
The fault current is a primary factor in 
the circuit duty under short-circuit | 
ditions, and the circuit reactance : 
limit the current to a value less than 
fault-current capacity of the rectif 
elements. : 

The effect of type of circuit upon 
transformer reactance and d-c sh 
circuit current is shown in the compar 
of three six-phase circuits in Figure 8. 

In 12-phase circuits the transform 
reactance and the d-e short-circuit 
rent depend upon the arrangement of 
transformer windings. .For example, 
interlacing the secondary windings of 
quadruple zigzag transformer shoy 


reactance will be twice and of d-c sh 
circuit current half those obtained on 
quadruple-wye transformer shown if 
Figure 10a for the same voltage regulation. 

One advantage of the double-way ci 
cuit shoes in Pistre THiS that there : 
circuit is suite to two simple + rec 
fiers in series. 


7 


EFFICIENCY 


Best utilization of transformer ia 
ings is obtained usually with a circ 
consisting of a number of simple thi 
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Figure 8. Comparison of three six-phase cir- often on certain sizes of rectifiers. Some 
cuits for rectifier rated 600 volts, 1,500 kw of its advantages are elimination of the 
Z: interphase transformer, simplification of 
the control circuit, and elimination of the 
possibility of transformer unbalance. 
However, with this circuit, the peak anode 

- current has twice the value obtained in 
a double-wye circuit, and the rectifier 
capacity is reduced, while the arc losses 
are iticreased. Tests on six-anode igni- 
tron rectifiers show that the full-load arc 

A “eg _ losses are approximately 8 per cent greater 

a - oe cae inh Re es - when operating fork-connected than when 

1,000; ; operating double-wye. 


phase rectifiers arranged in multiple and 
parallel combinations, and, for this 
Teason most rectifier installations em- 
ploy this type of circuit. These circuits 
also result in a good utilization on the 
rectifier. # 

A six-phase fork connection is used 
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verse voltage and final commutation rate and quadruple-zigzag circuits 
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Special Circuits 


A number of circuits providing a 
variety of operating characteristics and 
different modes of operation is shown in 
Figure 11. 

The first of these is a single-phase 


rectifier circuit having three different 
modes of operation. In this circuit the © 
mode of operation is determined by the 


constants of the d-c load. The voltage 
and current wave forms for the different 
cases are shown.’ 

The second circuit is a simple biphase 


a. DELTA WYE-!2 PHASE QUADRUPLE WYE, 


oi 
WYE PRI. 
CORE 


CORE 


b. DELTA-12 PHASE QUADRUPLE ZIG-ZAG. 


SHORT LONG 
COILS. COILS 
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rectifier operating with a counter electro- 
_ motive-force load.* 


In the usual mode 


_ of operation for this circuit the load cur- 


ee: 


4 


- 


rent is intermittent. The range of inter- 


mittent operation depends on the circuit 
constants and the amount of phase con- 
trol. 


_The third circuit shows a voltage doub-' 


ler.4 This is a double-way circuit, and 
the voltage and current waves across the 
.tectifying element are similar to those for 
the single- phase rectifier with resistance 
and capacitance load. 

type inverter.’ The ‘voltage and waves 
of the parallel-type inverter differ from 
those for most rectifiers in one important 
respect, namely, the voltage across the 
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The fourth circuit shows a parallel- 


ai A * ee 
Figure 1 1. Special circuits: 


rectifying element is negative for only a 
short part of the inverse period im- 
mediately following conduction. During 


the remainder of the conduction period a 


positive voltage is applied across the 
rectifying element. This type of voltage 


-wave is common to most inverter cir- 


cuits and imposes a duty which differs 
from that of the usual rectifier. 

The fifth circuit shows a welder or a-c 
switch.6 This type of circuit employs 
two rectifying elements connected so as 
to permit current flow in opposite direc- 
tions, and the combination operates as 
an a-c switch. It has found widespread 
application in resistance welding. 

The foregoing examples are only a few 
of a large variety of new applications. 
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Conclusion ~ 


- expressing the rectifying action in te 


may be ene to all ne: ” cin 


‘types of tae elements csi 


6. PARALLEL INVERTER WITH Rusranée Lo: 


1935, pages 1227-35. 


I 


has taiedagcd" apie due 2 
few years, so that today there. are 
able, in addition to the rectifier, a 
number of power electronic devices 
as rectifiers with voltage control, 
verters, frequency changers, welde 
and electronic switches. With suc 
wide variety of rectifier applications 
problem of matching the performan: 
the circuit with that of the rectif 
element assumes greater importance. 

Several advantages are obtained 


of circuit duty and rectifier capac 
namely: 


1, of division of engineering finest is 
made possible. The analysis, calcula 
and selection of rectifier circuits and 
fying elements for different applications is 
one project while the design, testing, : 
rating’ of rectifying elements is the othe: 

and the two may be gee out inde. 
pendently. cd 


2. The elements which must be co on si de 
in determining the capacity of all type 
rectifying elements are defined. 4 


3: The method for determining the li 
tions of the rectifying elements i is indice: 


4. A common basis for the rating of 


a 


tafe » 6 - 2 


using rectifiers, and that a standart 
basis for rating all types of rectify 
elements may be developed. 
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A Versatile Power-Line-Carrier System 


ASSOCIATE AIEE _ 


OWER-LINE carrier has kept pace 

with the swift progress of the elec- 
ronic art during the last several years. 
Phis progress has been due mainly to the 
timulus injected by the war effort. In 
nost of the specialized fields of elec- 
tonics, the advancement was necessi- 
ated and promoted strictly for military 
surposes. Power-litie carrier, however, 
was and is the soldier of the home front. 
its duties have been expanded to include 


us many functions as possible consistent | 


with reliability, economy, and conven- 
ence. The economic feature is especially 
significant now, since, during wartime 
emergencies, the material resources of the 
pation are allotted, and properly so, to 
those agencies concerned with the battle 
front. Material for new power lines, new 
generating equipment, new telephone 
lines, and for other similar programs of 
expansion is therefore not generally 
available. However, power-line carrier 
comes to the rescue and effectively pro- 
vides additional circuits and higher 
power-handling capacity for existing 
installations. 


Functions of. Dowel the Carrier 


For over two desaes carrier frequen- 
cies have been used on power transmission 
lines to provide a channel between gener- 
ating plants, substations, and similar 


terminals for communication, and, more ~ 


recently, for high-speed relaying. How- 
ever, with the development and expan- 


sion of large interconnected power sys- | 


tems, the available carrier channel has 
been used for a number of other functions. 
In fact, the additional services provided 
by a carrier system often have been the 
deciding factor in justifying its installa- 
tion. A typical list of functions would 
include the following: 


1, Carrier relaying (and emergency com- 


munication). 

me Telemetering and load control. 
3. Supervisory control. 

4. Remote or transferred tripping. ~ 


5. or imation, 


_ It is the purpose of this paper to show 
how a carrier channel can be utilized to 


provide these additional functions by | 


means of audio tone modulation of the 
sarrier signal. 
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Advantages of Tone Modulation 


A power-line-carrier, installation em- 
ploying unmodulated carrier can be 
used for only one function at a time, such 
as relaying, telemetering, or communica- 
tion. By modulating the carrier with 
audio tones*and separating the tones at 
the receiving end of the circuit with suit- 
able filters, it is possible to maintain 
two or more functions simultaneously 
over a single carrier channel. There are 
several advantages of such a system: 
the effective selectivity of the receiver is 
increased, permitting more functions in 
one channel, and the effect of noise on 
the transmission line is reduced. 

Figure 1 shows how the effective se- 
lectivity of the receiver is increased. If 
no tones were used, just one function 
could be transmitted over the carrier 
channel. On the basis of a total band 
width of only 1,650 cycles, the received 
side frequency furthest removed from 
the carrier would be 825 cycles. If tones 
are to be received, but no voice com- 
munication, it would be practical to use 
frequencies of 150, 209, 290, 403, 560, 
and 778 cycles per second, which amounts 
to 38 per cent separation between tones. 
With such a separation, audio filters of 
sufficient selectivity to pass one tone 
and reject all others can be designed 
readily. If one tone per function is 
allowed, this provides for six functions in 
a single carrier channel where only one 
was available without tones. Thus the 
effective selectivity of the receiver has 
been increased six times. 

In addition, it is better to obtain ex- 
treme selectivity with audio filters rather 
than with highly selective carrier-fre- 
quency circuits. When the figures in 
the preceding paragraph are used with 


_ six-tone pass bands and six correspond- 


ing no-pass bands between zero and 825 
cycles, a 778-cycle tone filter can have a 
pass band approximately 90 cycles wide. 
Then the 778-cycle oscillator may have a 
drift of +45 cycles or + six per cent and 


Paper 44-34, recommended by the AIEE joint sub- - 


committee on power-system applications of carrier 


current for presentation at the AIEE winter tech- 


nical meeting, New York, N. Y., January 24-28) 
1944. Manuscript submitted November 12, 1943; 
made available for printing December 6, 1943. 
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still remain within the filter pass band. 


However, to maintain the same effective 
selectivity with carrier-frequency cir- 
cuits, the frequency drift could not ex- 
ceed +0.045 per cent (+45 cycles at 
100 kilocycles).’ Therefore, the stability 
of the carrier circuits need not be as 
great when tones are used as would be 
required to obtain the same effective 
selectivity with unmodulated carrier. 
Noise on a power transmission line 


covers a wide frequency range, but the 


selective circuits of the receiver permit 
the reception of only the noise compo- 
nents in the channel to which it is, tuned. 
When no tones are used, it is advanta- 
geous to adjust the receiver to accept only 


a natrow band of frequencies, as the line — 
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__ modulation 


noise received is proportional to the 
receiver band width. If the receiver out- 
put feeds six tone filters, then the noise 
accepted by each filter will be less than 
one sixth of the total noise received. 
- How much less depends upon the filter 
selectivity. If the spacing between any 
two adjacent tone-filter pass bands is 
equal to the pass-band width in cycles, 
then the noise passed by each filter will 
be approximately one twelfth of the total 


noise received. Thus the use of tones 


reduces the effect of noise. 

Further,’ if the filter feeds a biased de- 
tector, an additional advantage of three 
to one is obtained because of the non- 
linearity of the detector dynamic char- 
acteristic. A biased detector employs 


a vacuum tube operated with sufficient 


negative bias voltage on its control grid 
to cut off the flow of plate current when 
no signal is being received. When an 
-a-c voltage is applied to the grid, plate 
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Figure 6. Carrier relaying plus modulator for © 


/ communication 


current flows on the positive half cycles. 
A plot of d-c plate current versus a-c 
gtid voltage under operating conditions 
is known as the dynamic characteristic 
of the tube circuit. A typical curve is 


given in Figure 2. Reference to the curve 


shows that if a noise level of five volts is 
applied to the detector grid, the tube 
plate current is two milliamperes; if 
the noise plus signal is ten volts, the plate 
current is ten milliamperes. A relay ad- 
justed to operate at six or eight milli- 
amperes will not be operated by a noise 
voltage of five volts, yet reliable operation 
will be obtained on a total noise plus 
signal voltage of ten. This is a major 
advantage of tone-modulated carrier as 
it allows satisfactory reception of a signal 
through noise of approximately the same 
magnitude. 


Expansion of a Carrier System 


The following paragraphs trace the 
power-line-carrier 
system from the simplest single-purpose 
arrangement to a complex installation 
which will provide several functions 
simultaneously in addition to carrier 
relaying. Figure 3 shows the simplest 
arrangement which will provide for 
telemetering a single quantity over a 
carrier channel. At the sending end, a 
transmitter is coupled through a line- 


tuning unit and coupling capacitor to 


the power line. In one system, the 
transmitter is turned on and off, or 
“keyed,” by the telemetering device at a 
rate governed by the quantity being 
measured. In another system, the im- 


pulse rate remains constant, but the du- 
The carrier- | 


ration of the impulse varies. 
frequency impulses so produced travel 


along the transmission line to the re-_ 


ceiving end which employs similar cou- 


_ pling and tuning equipment, and, in addi- 


tion, a receiver tuned to the transmitted 
frequency. The received impulses in- 


directly energize an indicating or re- 


cording instrument, giving a reading pro- 
portional to the quantity being measured 
at the transmitting end. | 

Line traps are generally unnecessary 
when carrier relaying is not included but 
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_ different conditions of line | 
- always eliminate signal variation 


energy can flow in the untrapped ph 
of the transmission line. 


elements required for pilot relaying. 


_ the protective relays from tripping tl 


‘traps are located between the c 


stations Sth ie ace of 
which the carrier energy 
too great. Traps may also be 


’ 


cause wide variations in carrier 
tween stations. However, this 


appreciable fraction of the total cai 


This ener; 
goes on into other line sections and m: 
cause increased loss because of reflec 
or absorption. Three-phase trappin 
will eliminate such a condition, but - 

selection of a different carrier fre 
usually obviates the necessity of i 
traps in all three phases. Energy 2 
sorbed by a parallel line is also a pot 
cause of increased loss, but this, too, 
be minimized by chonginey ea 
quency. 


Figure 4 illustrates the basic i 
carrier signal forrelayingisused to preve 


breakers in a given line section for a fau 
external to that section. Carrier is tran 
mitted from the station where fi 
power leaves the line section and bl C 
the relays at the station where the f 
power enters the line section. Co 
quently, a transmitter, receiver, and s 
able line-tuning and coupling equipme: 
are located at each end of the line 
tion to provide correct operation 
external faults in either direction. a Line 


capacitor and the station bus in the 
wire to which carrier is coupled. Fro 
relaying standpoint, the main func 
of a line trap is to prevent short-ciret 
ing the carrier signal upon the occurret 
of a ground fault just external to 
line section on the phase wire to 
carrier is coupled. Without the tre 
such a fault might short-circuit the c: 
rier signal and cause incorrect re 
Operasen: 


1 evince the fenuateae as e 
fog ners ones nae peor fu 


tacts whale start. carrier Ee pee 
cathode circuit of the tubes in the t 
mitter. When high-rate telemeterir 
used, it is desirable to insert bet 
the keying device and the carrier 
mitter an electronic link which redu 
to’a fraction of a milliampere th 
the telemetering contact is req 
make and break in controlling «ca rr 
Longer contact life and less maintena 
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igure 7. Audio tones added to carrier re- 


laying 


re the advantages of such an electronic 
ink. 

Emergency voice communication be- 
ween the carrier equipments can be 
ffected by connecting the handset micro- 
hone across a low impedance section of 
he oscillator tuned circuit. Variation 
1 the microphone resistance due to 
peech results in frequency modulation 
f the transmitted carrier. To receive 
frequency modulation, the carrier re- 
eiver must be capable of producing an 
utput voltage or current proportional 
0 the instantaneous change in frequency 
f the transmitter. A normal relaying 
ignal receiver can be used satisfactorily 
9 this application for the following 
easons: When the microphone is con- 
ected into the oscillator tuned circuit, 
he resonant frequency of the circuit is 
hanged by a small percentage. The re- 
eiver, which is normally tuned exactly 
> the transmitter frequency, is now 
lightly off resonance, as indicated in 


5 ; ; 
ee Fe ae LINE LRA Rr reper 


“ 


igure 5, and is operating on the sloping 


ortion of its resonance curve. .When the 
‘ansmitted frequency shifts back and 
th because of speech, the detector 
late current varies accordingly, and an 


udible signal is produced in the handset | 


ceiver. 

This is probably one of the oldest 
ims of modulation, but it is still appli- 
uble, as it provides intelligible com- 
lunication with a minimum of addi- 
onal parts. ; 

If communication between stations is 
esited from the switchboard panel, a 
jodulator may be added to amplitude- 
lodulate the carrier signal. Figure 6 
lustrates an assembly which provides 
© carrier relaying and ‘‘push-to-talk” 
dice communication over a line section. 
- can be used also for telemetering a 
mgle quantity. The systems dia- 
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grammed in Figures 4 and 6 can be used 


for only one function at a time. If 
telemetering is used, it must be suspended 
in order to talk over the carrier channel, 
and, of course, during a fault; the pro- 
tective relays take precedence over all 
other functions in controlling carrier. 
When it is desired to have several 
functions on a single carrier channel 
simultaneously audio tones can be used 
to advantage. For example, consider an 
installation of carrier relaying where 
voice communication and telemetering 
of two quantities are desired. In order to 
transmit two quantities without inter- 
ference, the measuring device associated 
with each controls a separate audio tone 
oscillator which amplitude-modulates the 
carrier signal. At the receiving end, the 
modulated carrier is fed into a detector 
tube to separate the audio from the car- 
rier, The audio is then fed into filter 


circuits, each of which is tuned to pass . 


one of the tone frequencies. The output 
voltage of each filter is applied to the 
grid of a vacuum tube operated as a 


biased detector, the operation of which — 


was previously explained. An auxiliary 
relay in the plate circuit of the ‘“‘filter— 
detector” controls the telemetering in- 
dicating device. Figure 7 illustrates such 
a system which can be used for tele- 
metering two quantities as explained 
heretofore, for load control, or for re- 
mote tripping. For load control, the two 
audio tones provide raise and lower im- 
pulses to the governor of a generator; 
for remote tripping, the contacts of the 
two filter-detector auxiliary relays are 
connected in series to energize the breaker 
trip coil. To initiate a remote-tripping 
operation, both audio tones are trans- 
mitted (started either manually or by 
protective relays), and both © filter- 
detectors at the receiving end are ener- 
gized, thus ‘completing the breaker trip 
circuit. The purpose of using two tones 
in this manner is to reduce the possibility 
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Figure 8. Use of tones to provide up to ten 


remotely controlled functions — 


of an incorrect breaker operation because 
of line noise or other disturbance pro- 
ducing a momentary signal which con- 
tains one of the tone frequencies. 

If voice communication is included, a 
precaution must be taken to eliminate 
from the transmitter the voice frequen- 
cies which are identical with the tone fre- 
quencies. This is necessary to prevent 
speech from energizing’ the filter detectors 
at the receiving terminal and can be ac- 
complished by inserting between the 
microphone and the modulator a filter 


which eliminates the tone frequencies - 


from the speech input. - By selecting tone 
frequencies below 500 cycles, several 
tones may be used simultaneously with 
communication. The speech filter can 
be of the high-pass type to attenuate all 
frequencies below 500 cycles 40 to 50 
decibels so there is no danger of their 
energizing a filter detector. 
nation of these frequencies does very 
little to impair the intelligibility of 
speech. 

_ In those cases where the tones are 


The elimi- | 


transmitted infrequently, as for remote — 


tripping, the high-pass filters are not 
necessary in the telephone receiver cir- 
cuit because the interference with speech 
reception is of short duration. However, 
for telemetering and other functions 
requiring the tones to be impulsed continu- 
ously, filters should be provided in the 
telephone receiver circuit. The afore- 
mentioned features are indicated in 
Figure 7. 

Figure 8 illustrates extensive use of 
tones without communication or relaying 
and will provide up to ten remotely 
controlled functions over a single carrier 


channel. As all ten tones may be trans- 


mitted simultaneously, each tone must. 
be adjusted to modulate the carrier 
signal not more than ten per cent to 
prevent overmodulation. This would 


cause severe distortion and generation of 
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f3 rth 


_ spurious side frequencies which are un- 


both cases). 
have a low distortion characteristic so as 


_ this application of tones. 
- broad-band superheterodyne receiver ful- 


tivity, 
- Such a receiver should be equipped with 


accomplished thus: 


desirable and may give interference in 
adjacent channels. 
Since the percentage modulation per 


‘tone must be decreased when the number ~ 
of tones is increased, the carrier side-_ 


band power in each tone isalso decreased. 
Therefore, a more sensitive receiver is 
required for this application than for one 


where unmodulated carrier is received 


{assuming the same carrier power in 
Also, the receiver must 


to reproduce the tone frequencies with- 
out introducing unwanted harmonics. 


_ Ten audio tones can be spaced in a band 
_ from 150 to 3,000 cycles with a 38 per 
_ cent frequency separation between con- 


secutive tones. To receive a carrier signal 


_ modulated with tones up to 3,000 cycles, 
- the receiver must be capable of receiving 
_ a frequency band six kilocycles wide, and 
rejecting those outside the six-kilocycle 
band which may belong to another car- 


rier channel. A simple receiver such as 
that used for relaying is not suitable for 
However, a 


fills the preceding requirements of sensi- 
selectivity, and band width. 


automatic volume control to deliver suffi- 
cient audio voltage to the tone filters over 
a wide range of carrier input signal to 
allow for varying system conditions. For 


applications on lines with a high carrier 
loss, a receiver sensitivity great enough to 
provide dependable operation through a 


loss of 70 decibels is desirable. 
'_A specific application of extensive use 


of tones for telemetering and load control 


is shown in Figure 9. The problem here is 
to keep the total load divided properly 
among three generators A, B, and C, 
and use as few carrier channels as practi- 
cal. The load on each generator is to 


be telemetered to the load dispatcher at. 
D, where load-control equipment sends 


raise and lower impulses back to the 
generating stations to keep the load di- 
vided as desired. These functions are 
The carrier trans- 
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tones for telemetering and load 
control ; 
fp =(N—1.5) kilocycles — 
=(N) kilocycles 
=(N+1.5) kilocycles 
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RECEIVE f,-t),t2 fj-t3,ta fi-ts,te-TONES FOR LOAD CONTROL 


power-line-carrier as- 
sembly for relaying, remote tripping, and 
point-to-point communication 


frequencies 1.5 kilocycles apart, and each 
is modulated with a different tone fre- 
quency for telemetering its generator 
load back to station D. The receiver at 
D is adjusted to receive a band wide 
enough to include the frequencies sent 
from A, B, and C, and the carrier side 
frequencies produced by the tones. Fil+ 
ters on the receiver at D separate the 
audio tones fg, ty, and ¢,. The impulses 
provided by these tones operate the load- 
control equipment. Six audio tones are 


_used to transmit the raise and lower load- 


control impulses from D to the generating 


stations A, B, and C on a single carrier 


frequency f,; which may be widely 
different from fo, fz, and fs. At each gen- 


erating station, a receiver is tuned to. 


fi, and two tone filters pass the raise an 
lower impulses for that station. Only 
two carrier channels are needed; one 
channel 4.5 kilocycles wide to transmit 


Lensner, Singel—Power-Line-Carrier System 


ee ao eel 


Extensive use of 


the frequency separation of th 


_ tone functions, and point-to 
_ «munication. 


Al ed 


carrier reeeptibal ‘under ull cond 
of system switching. a 
It will be noted in this examp: 


mitters at stations A, B, and C will ea 


‘be far enough above the highe 
tone to re no apes. : 


filter frequency band : or 
amplitude as to cause negligib 
ference. 


The Equipment 


use of Stet patie: it is 
the equipment must be of fle 
trical and mechanical design to b 
adaptable to widely varying 
tions. eo ee constru 


equipment is cousintad as | re 


unit on ‘standard 19-inch-wide 
All external conr 
praceslis out to terminal strips. on 
of each unit to facilitate intercon 


ing appearance. aly 
Figure 10 illustrates a typical 
tion which combines pilot rel 


The entire rack a 
can be swung out of the cabinet o 
to facilitate inspection and 
cessibility to all components. _ £9 


Conclusions 

_ Audio tones provide an effective: Ww 
ee the usefulness of a carrier | 
nel, 7 
by Simultaneous operation of several 
iary functions over a single carrier ch 
can be provided | without interference 
using a separate tone for each function, 


3. Satisfactory carrier transmi 
through a higher noise level can be re 
by using tone modulation. 


4, Telephone communication can be us 
simultaneously with tone-operated 
tions by using Suitable filters to sep 

the tone and voice frequencies, a a 
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Synopsis: It is the purpose of this paper to 
examine various definitions of inductance 
based on the application in which the term is 
used. Comparisons are made between the 
definitions as a function of magnetomotive 
force and flux density for the special case of 
dynamo-grade (2.75 per cent) silicon steel. 
The effects of hysteresis and eddy currents 
are discussed. Consideration is confined 
to iron magnetic circuits in which no air 
gap exists, so that practical applications of 
conclusions drawn are limited somewhat. 


HE usual definition of inductance is 

based on the assumption that the 
saturation curve is a straight line. 
Other assumptions, which are implied 
though not necessarily expressed, are 
that there is no residual flux, no hys- 
teresis, and no eddy-current loss. For 
these conditions all definitions yield the 
same value of a constant inductance. 
_ There are, however, many applica- 


tions where solid iron is used in the mag- © 


Metic structure. In the majority of 
these applications it is economically 
necessary to run the iron at a density. 
which makes the saturation curve depart 
considerably from that of a straight line. 
Under these practical conditions eddy 
currents, hysteresis, and saturation all 
‘contribute to make a definition which 
assumes that constant inductance often 
be considerably in error. 

The importance of this subject will be 
appreciated when it is recognized that the 
actual duty on the contact tips of a d-e 
‘contactor may be several times greater 
than would be expected from calculated 
values of the load inductance. 


‘Use of the Term “Inductance” 


The term “inductance” is used in con- 
nection with many circuits and phenom- 
ena. Its use in electric machinery often 
has been defined and elaborated on. 
There are, however, many instances, 


_8. The rate of decay of d-c fields often is, 


E. C. LITSCHER 


NONMEMBER AIEE 
) 


particularly in the industrial-control 
field, where a word is required to express 
a certain characteristic of! a circuit, 
and that omnipresent word is ‘“‘induct- 
ance.” The following examples may 
be cited: 

1. The build-up of current in the shunt 
field of a d-c machine, d-c contactor, relay, 
or brake is stated to depend on the time con- 


stant or ratio of inductance to resistance of 
the circuit. 


2. The number of operations of. which a 


’ contactor ‘is capable depends to a great ex- 
tent on the stored energy in the electric load 


which it is handling. In the case of a d-c 
contactor a large amount of this stored 
energy must be dissipated in the are with 
consequent burning of tips, arcing horns, 
and chutes, The energy stored is stated to 
be one half of the product of inductance 
times current squared. 


important when a field must be reduced 
rapidly or “killed.” Here again decay is 
dependent supposedly on the time constant 
of the circuit. 


4, When a contactor closes the tendency for 
the tips to weld or freeze depends on the rate 
at which the current builds up, and this 
usually is considered to be inversely propor- 
tional to the inductance of the circuit. 


5. When. a contactor interrupts an a-c 
circuit, the recovery voltage, after a current 
zero, rises at a rate which is dependent on the 
circuit inductance and capacitance. 


6. In obtaining the inductance of an iton- 
core reactor it is common practice to read 
volts, amperes, and watts and to calculate 
the reactance and inductance from the data 
so obtained. 


It will be shown in the following that 
for an iron-cored circuit the various in- 
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\ i 
ductances enumerated previously may be 
considerably different from each other, 
so much so that large errors result if they 
are used interchangeably. 


Common Definitions of Inductance 


There are three definitions of L com- 
monly used in the literature! The first 
is in terms of flux linkages per ampere, 
that is 


_¥o_ Nay | 
The hie 
In order that L be constant in equation 


1, the condition must hold that flux is 
proportional to current. The second 


usual definition is to define Lin terms of 
the back electromotive force by means of © 


the equation 


The third definition is in terms of the 


energy stored in a magnetic field and is — 


given by the equations 


t a 
wan fam [rsdim5 ce 
t 0 a 


_ (3) 


Equations 1, 2, and 3 are used as the — 


three basic definitions and give identical 


and constant values of L for the linear 


magnetization curve. if 
Although practically all textbooks and 


handbooks define inductance in one of 
these three ways, the majority (including _ 


the ‘‘American Standard Definitions of 


Electrical Terms” by AIEE) prefer to — 


consider equation 2 as being basic.2—* . 


Equation 2 also may be stated 
e di d®, 
L=—-—=-e—=N— (4) 
di di dé 9 
“adi 


and Li is defined in this way hy several 


other authors. ©? 


-/OF DOTTED LINE 


B-FLUX DENSITY 


1 
‘ 
! 
t 
i 
! 
! 
t 
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{ 


H-MAGNETOMOTIVE FORCE 


Figure 1. Geometrical interpretation of Lg, 
La, and L, in terms of the d-c magnetization 
curve 
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(1) 


(2) 


KILOLINES PER SQUARE INCH 


AMPERE TURNS PER INCH. 


Figure 2. Comparison of the curves H=KB” 
_ with the magnetization curve of silicon steel 


Az An actual curve for 2.75 per cent silicon 
steel 
~H=(6.7X10-2)B 
H=(9.65107 3)B3"5 
H=(1.26X(107*)B2 
H=(1.5X107 4)B3'5 


AAW IO 


_ The “Standard Handbook for Electri- 
cal Engineers” edited by Knowlton lists 
2 both equations 2 and 3 as fundamental, 
calling L-the coefficient of proportionality 
in each case.® 

Equation 1 seems to be couaered 
fundamental mainly by men concerned 
with the analysis. of rotating ma- 
chinery.9~! 

Some textbooks redefine their funda- 
mental magnetic concepts entirely when 
_ they change from air-core to iron-core 
circuits.12 One author!? expresses the 


_ opinion that LZ should not be introduced — 


at all when the permeance of the circuit is 
variable. 


, Geometric Definition of Inductance 


Another usual method of defining in- 
ductance!® is to express it as a function 
of the physical dimensions. 
clude the area, length, and permeability 
of the flux paths, and dimensions and 
turns in the coils. 
expression 

ZL =(constant) (4) (5) 
which is useful only if the value of uw can 
be determined, and all the flux is con- 
- sidered to link all of the turns. 


Definitions From Measurements 


Besides these definitions (from which 
it is hard to evaluate L for the practical 
case), L may be defined from the method 
used to measure it. Two methods com- 
monly used are 

1. A-c measurements 


, E=I(R4+jX1) =1(R*+0°L*)'/* | (6) 


134 TRANSACTIONS 


. Figure 3. Compa: 


These in- © 


This leads to the © 


100;— a 
son of the d-c mag- sx elie 
netization curve for — eae 
2.75 percentsilicon Ww eae 
steel with the equa- 3 poe 
tion. H=0.05B+ mrA 

extra BT 
| pe ya: 
deol || 
ze eg 
yi 

% 


m 


eee ee os. ~ (8) 

2 Oscillogram of current change 

et ae eda be 
E=iR+L i for an R-L series circuit (9) 
So 


f E _R ; 
ae (: ell ‘ for current rise (10) 
and 


RY 
t= Toe L ‘for pareeor decay if Lis constant ~ 


(11) 
From these equations 
L= for. build-up (12) 
iog.——— 
BT i 
and 
Rt ren 
L= for decay (13) 
log. = 
; 4 


Summary of Definitions 


In order to differentiate between the 
quantities denoted by the common term 
‘Gnductance” in the inductances taken ~ 


from the preceding definitions, the follow- 


a 


Es 


G-COEFFICIENT FOR INDUCTANCE EQUATION 
S 
is ee 
eel 


mee * 


LSE: ! 
* =— — from eaentias 8. _— 
3) - 


Liq =inductance based on time for curren 3 


20 
COCO SSS 
gies, RANE 


| maa es 


Figure 4. Variation of differ- | 
ent inductances as a function 
: of flux density 
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KILOLINES PER SQUARE INCH 


AMPERE TURNS PER INCH — 


ing subscripts and names have been giver er 
arbitrarily to L: : - 


Ten =apparent snuuciamenes W,/1 from equa- 


tion 1 6 y 
a 
i, adtoenteae 4 
d erential inductance (ijd) 
d&, 3 ifm 
a an from equations2and4 
4 - > ia 
L,=inductance Bere on energy =—— fr 
equation 3 


L, =inductance based on geometry 


7 = (constant) wit) from equation 5 4 


Lae =inductance based on rms rcaaies ss - 


Lp =inductance faced on . time for current y 


build-up =- from equation 1 2 


lo : q 
me 4 P , 


a 


= stou equation | 13 


dene = 
log. -2 : 


Graphical fatertetraon (Figure 1) | 


Figure 1 shows a magnetization curv 


given magnetic circuit B is proportional 
to Wand H to 1, then i 


Vv, Bigeo in 
a = (constant) (2 ;) | ? a 
| : S 
so that L, is proportional to the slope of 
the state nt line drawn from the pon 


— 60 70 
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operation to the origin. This definition 
of L, is very similar to the usual defi- 
nition of u which is defined as the ratio 
of B at a point to the H at that Bigg 


Similarly 
dB 
dH 


is proportional to the slope of the magne- 
tization curve itself at a point and is 
analogous to wg, the differential per- 
meability. 

Also, since 


d®, 
lz=N—= (constant) 
di 


the energy stored in the magnetic field 
varies directly as the area between the 
Magnetization curve and the vertical 
axis. Then L, is proportional to this 
area for any given current. 


Analytical Equivalent of a 

Magnetization Curve 

An accurate analytical expression for 
the saturation curve is quite unwieldy, 
df it is desired to express B as a function 
of H. In order to approach a comparison 
of the different definitions of L mathemati- 
cally, four flux versus current curves, 
namely H=KB” where n=1, 1.5, 2, and 
2.5 were assumed. These are shown in 
Figure 2 compared with the magneti- 
zation curve for 2.75 per cent silicon steel. 
A reactor was assumed to consist of N 
turns on a closed core of length J and 
cross-sectional area A. Resistance, leak- 


age, and hysteresis were neglected. The 
inductance was calculated as a function 
of the current for L,, Lg, and L,, and asa 


- function of rms current and rms voltage 


for L,, for each of the assumed B—H curves. 
See Appendixes II, III, IV, and V. 

Results are shown in Table I. It 
should be noted that for Lz, Lz, L,, and 
Lae aS a function of current, the ex- 
pressions vary only in their numerical 
coefficient. J, is the greatest, and L, is 
the least. It is also interesting to note 
that, if Z,, is written in terms of voltage, 
Loe becomes a function of frequency—a . 
rather surprising result. 

A more accurate approximation to the 
saturation curve is given by H=K,B+ 
K2B*® which is shown in Figure 3. Be- 
cause of the difficulty involved in solving 
this equation for dB/dH or for B as a 
function of H, the inductances are com- 
pared in terms of B and B,,,, (Table I). 
These equations are shown plotted against 
B in Figure 4 and against Hf in Figure 5. 
The coefficient C is the value by which 
the expression (/24/1)10—' must be multi- 
plied in order to obtain L in henrys. See 
Appendix IIB. 

For the case H=K,B+K.B" there 
does not seem to be a definite relation- 
ship between the different inductances, 
except that they all decrease quite rapidly 
as soon as the knee of the B—H curve is 
teached. Differential L drops the fastest 
and to the lowest value. 

An air gap in the me cireuit 
would’ increase K, in the foregoing 
equation. Its effect would be to lower 
the C-H curves and to shift them to the 
right. All values of inductance would be 


lowered except Lz which at certain cur- 
rents may be higher with an air gap in 
the circuit than when the core is closed. 


Inductance When Hysteresis Is 
Present 


Figure 6 shows the variation of Lg 


and ZL, with current, that is, with H, as 
a hysteresis loop for Nicaloi steel is 


traced. It should be noted that the co- 


efficient C in the equation 


Ly=C€ > 10-5 (14) 
varies from 4 to 175 over every half- 
cycle. 

For L,, C varies from minus to plus 
infinity which is a rather startling range 
for a quantity which is usually assumed 
constant. Figure 9 was drawn for Nic- 
aloi, because it is a material which has 
a very low hysteresis-loop area and, there- 
fore, is a close practical approach to a 
commercial material with no hysteresis. 
It is used extensively in transformers, 
reactors, and relays. 

Figure 7 shows the same curves of Lg 
and L, for a 2.75 per cent silicon steel. 
Here C in Lg varies from 0.8 to 4.7, and 
C in L,, as before, goes from minus in- 
finity to plus infinity. 


Presence of Eddy Currents — 
Many oscillograms, taken on solid 


iron contactors and brakes to get current— 
time curves when a constant d-c voltage 


~ 


i‘ 
¢ 


*! 


is applied, show a rapid initial rate of rise — 


In Terms of Binstantaneous 


* Table !. Calculated Formulas of Inductance for Various Assumed Magnetization Curves 
i dv ie - L’Exms 
Ora: ane a Laan} Bes 
1 di 2 @ i eee 
; In Terms of In Terms of | 
H=f(By) In Terms of Current i Rms Current Rms Voltage 
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aa H-AMPERE TURNS PER INCH 
"Figure 5. Variation of different inductances 
as a function of magnetomotive force 
of current. This effect is attributed 
sometimes to remanent flux in the device 
and sometimes to eddy currents. Figure 
8 is a copy of a typical oscillogram taken 
P on a contactor having a magnetic circuit 
De iauite 11 inches in length and average 
cross section of one square inch with a 


 0.015-inch air gap in the circuit. Tests. 


. taken of current build-up with both 

Ai positive and negative remanent flux left 

mean the circuit by previous operations 
showed practically no change in initial 

Ee rise. fa) 

: The values of inductance at different 

currents calculated from the oscillogram 

y, ina step-by-step process ee the equa- 

tion 

3 E-Ri 

e La= di 

ee 

M 

_ are shown in Figure 9. 

Be Curves 1 and 2 of Figure 9 Race the 

_ variation of ZL with current build-up 
and curve 3 with current decay (cal- 
eulated from an oscillogram). 

3 be noted that curve 3 reads from right 
_ to eft with respect to time. Although 


(15) 


_ direct comparisons of curves 1 and 3 are 


_ impossible because of the hysteresis 
loop, it is still significant to notice the 
~ high inductance exhibited by curve 3 at 
zero current compared with the induct- 
ance shown by curve 1. This probably 
is due to the difference in the rate of 
current in the coil. In the former case 
the d-c arc was going out slowly, while in 
_ the lattercase a sudden voltage in- 
- ducing large eddy currents was applied. 
Other data, not reproduced here, in 
- which the current and flux rise in a series 
brake magnet were measured, have shown 


that the time required for the flux in the » 


ait gap to reach its final value is about 
ten times as long as the time required for 
the current to build up. This lag is at- 
tributable to the demagnetizing action 
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of the eddy currents and, of course, af- 
fects the inductance. 


Inductance Based on Build-up and 

Decay of Current ° 

Figure 10 shows calculated curves for 
the increase of current with time when a 
constant voltage is applied to a 2.75 per 
cent silicon-steel-core reactor, and satu- 
ration is taken into account, but hys- 
teresis and eddy currents are neglected. 
Four such curves for different applied 
voltages are plotted. These curves were 
obtained by a step-by-step etecke of 
the equation 
PaReIge 16 

=Ritle > ( ) 
where the equation H=0.05B+(6) x 
(10-1) x B!° was used instead of the true 
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Figure 6. Variation of Lz and Lg over a 
complete cycle of the hysteresis loop of 
Nicaloi 


300 


B-H curve of the material. This. was 
done, so that equivalent inductances (L,) 
calculated from the curves of Figure 10 
could be compared with those obtained 
by calculation from other definitions. 
Equivalent inductance means that value 
of inductance which, if constant, would 
allow the current to reach the same per- 
centage of its final value in the same time, 
that it does in Figure 10. From these 
curves of Figure 10 the value of time 
at which the current was equal to 90 
per cent of its final value was read. 
When equation 10 was used, the value of 
Ly», the equivalent or constant induct- 
ance, was calculated. The same was 


done for current equal to 63 per cent of — 


its final value. When these calculated 
values of Ly were used, the curves .2 and 
3 of Figure 12 were plotted. The 


difference between L,, the usual defi-. 


nition for inductance for a d-e field, 
and the constant inductance, which should 


, 
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A if currents which ¢ are closer to’ 10 


_ tupting ability of switches of « 


_ time curve the inductance was co 


les eas | 
‘be ie to give the true time of 
is shown clearly. e 
Curves 1 and 4 of eit 12 4 
culated from the decay c curve 0 
These current-decay curves were 
tained in the same way the curr 
curves were found, that is, by > 
by-step integration of equation 16 
E=0 for the magnetization curve H-= 
0.05B+(6)(10-19) B®, “ 
It should be noted a Oe: in Fig ; 


oie saan cual is some 
between the inductance calculated ; 
build-up and decay. 


showing more and more error be’ 
apparent inductance and the cor 
‘inductance which gives the ec 
build-up or decay time. s 
Experimental Verification _ 

An experimental verification of tt 
theoretical curves is shown in Figu 
which is a copy of an oscillogram. TI 
was taken to measure the inductance 


could be built in order to test th 


ratings. From the slope of the cur 


‘Figure 14. It may be noted ‘tha 
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Figure 7. Variation of ve and ne over 
complete cycle of the hysteresis loop of 2.75 5. 


per cent silicon steel - 
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ae CYCLES (60~ BASE) 
Figure 8. Traced copy of an oscillogram 
showing current build-up with constant ap- 
plied voltage in a d-c solid-iron contactor 
with 0.015-inch air gap 


current-time curve is very similar to 
those shown in Figure 10. The induct- 
ance of this machine had been given as 12 
hentys; the oscillogram showed a range 
from nine to three henrys. 


Conclusions 


1. Although comparisons have been made — 


in this paper between various definitions of 


I, on the basis of a closed circuit and silicon 


steel, similar results can be obtained as 
readily for any other steel and circuit con- 
taining an air gap. 


2. The assumption, that inductance is a 


constant in an iron magnetic circuit where 
the flux density is of the usual practical 
value, and the air gaps are small, leads to 
Yarge errors. Saturation cannot be neglected 
merely to obtain a mathematical solution of 
a problem, for the solution then bears little 
relation to the actual case. 


3. The true inductance of a circuit, in the _ 


sense of a back electromotive force, is the 
differential inductance. There is much work 
‘to be done to. calculate differential induct- 
ance for magnetic circuits which have air 
gaps. Results probably can be expressed 
usefully in terms of mils of air gap per inch 
of iron. Such data on machines are neces- 
sary, if accurate control of those machines 
is to be precalculated. 


4. Observation of Figures 4, 6, and 12 
shows the wide variations in inductance, 
depending on the method of calculation or 
measurement. The particular value to be 
‘used depends on the application to which it 
is applied. _ 


5. The statement, that inductance is a 
function of the physical dimensions of a 
circuit and of », throws the whole definition 
into an evaluation of the value of » and is 
for that reason of little use. 


6. The widespread use of a time constant 
based on flux linkages per ampere, that is 
Z,, often leads to results considerably in 
error. With the great increase in speeds of 
voltage response called for on a large variety 
of industrial-control applications, such as 
variable-voltage planer drives or amplidyne- 
forced steel-mill motors, it.is becoming in- 
creasingly necessary for the circuit designer 
to have more information regarding cur- 
rent build-up inthe d-c fields. For accurate 
field control as a function ot time, it is neces- 
sary to know an equivalent inductance 
(Lp) which will give the correct build-up 
time. 
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- build-up after contactor had 


direction. Air gap is 0.015 


Figure 9 (right). Variation of Lz 
with current for the d-c con- 
tactor of Figure 8 


1. L¢ calculated from current 

build-up after contactor had 

carried current in the negative 

direction.. Air gap is 0.015 
inch 


2. Lg calculated from current 


carried current in the positive 


DIFFERENTIAL INDUCTANCE, Ld,IN HENRIES 


% 


inch 


3. La calculated from an ascillogram of | 


current decay. Ajir gap is 0.015 inch 


\ : 
4, Same as 1 but with an air gap of 0.375 
inch 
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BULL Zee e ar 


eg NSCs EE Te 
=9 a 

c 

Et eer ie | 
: Pye errs 
: a ANSE Yh cia a 
# 

= 3 


MEX SemOnDS 
_Current-time build-up curves 
calculated from H=0,05B-+-(6)(107 29)B9 for 


Figure 10. 


various applied voltages compared with 
theoretical constant-inductance build-up curves 


AMPERE TURNS PER INCH 


. OQ 04 08 12 (6 20 24 26 32 
” - TIME — SECONDS 


Figure 11.  Current-decay curves 


1. Current-time-decay curve for the material 
given by H=0.05B+(6) (107 1%)B10 


9. H-versus-time curve for the constant in- 
ductance (Lia) which crosses curve 1 at 10- 
per cent of its original value 


3. H-versus-time curve for the constant in- 
ductance (lyq) which crosses curve 1 at 37 
per cent of its original value 


7. In specifying the interrupting ability 
of contactors which handle motor loads, it 
would seem advisable, in order to obtain 
comparative data, to set up L/R ratios for 
/air-core reactors rather than to specify motor 
loads. Much work still remains to be done 
to identify the effect of a variable inductance 
load on both a-e and d-c interruption, so 
that equivalent air-core loads can be used 
for test purposes, > 
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G- COEFFICIENT FOR INDUCTANCE EQUATION 
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Figure 12. Variation of Lig and Ly, with 
magnetomotive force 


1. Liga for decay time at which i=10 per 4 
cent |, By a 
ia 


ie for build-up time at which i=63 peg %e 
cent ly fa] 
a 


3. Ly for build-up time at which i=90 per — 


cent ly 

4. Lia for decay time at which i=37 per @ 
cent |, ‘ i 
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TIME - SECONDS { 
' Figure 13. Traced copy of an oscillogram 2 
showing current build-up versus time at con- 
stant applied voltage for a 50-horsepower 
synchronous-motor field 


8. Inthe majority of d-c circuits containing —_ 
solid iron, eddy currents affect the initial 
rate of current rise, so that a calculated in- _ 
ductance, such as L,, is not a dependable 
criterion for severity of the circuit with re- 
spect to tip welding. To obtain comparative 
data air-core inductances should be speci- 
fied. 


9. The authors have made no investiga- 
tions as yet on a circuit which contains 
motor or reactor loads to find the inductance 
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_ which, together with the capacitance of the 
_ system, determines the natural frequency of 
__ the circuit and so critically affects a-c cir- 
cuit interruption. Such an investigation 
may lead to still another inductance. } 
10. Electrical engineering courses in col- 
lege could include profitably more work’ on 
magnetic circuits. Very few textbooks 
. even admit the presence of iron in their 
treatment of the classical current rise and 
- decay in a d-c circuit, and yet in industry 
few examples can be found where i iron is not 

a dominant factor. 


It is realized that the foregoing analy- 
sis is by no means complete, and that 
much work remains to be done. Hys- 
teresis and eddy currents have been 
taken into account in some places and 
neglected in others. Leakage has not 

_ been considered at all. It is hoped, how- 
ever, that this work will serve to stimu- 
late interest in the examination of iron 
circuits from the point of view of the 
control apparatus which must handle 
those circuits and also will lead to 
_ AIEE definitions of Hee SNES when 
iron is present.. 


Appendix |. Nomenclature 
L=inductance in henrys 
e=voltage at time ¢ 
4=instantaneous value of current 
’ WY, = flux linkages—webers times turns 
W =flux linkages—kilolines times Seas 
t=time—seconds ; 
_W=energy—joules 
I=rms current 
ee rms voltage or d-c ohags 
sh = flux in webers 
ss a flux in kilolines 
_ B,=flux density in webers per square inch 
B=flux density in kilolines per square inch 
By =maximum value of flux density in 
kilolines per square inch 
 Ig=initial value of current for d-c current 
decay = E/R 
I,;=final value of current build-up case=E/R 
_. R =resistance in circuit 


H=magnetizing foree—ampere turns per 


inch 


n 
w 
= 
z 
Wi 
Ww 
° 
a 
2 
O 
= 
rr} 
irs 
FIELD CURRENT - AMPERES 
Figure 14. Inductance (Lz) of the syn- 


chronous-motor field calculated from Figure 13 
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Ar Mes ane? 


i mi, rt "i nappa a aS: 
H,=final Fitts of ping iragune force in a) , a 


d-c circuit 4 ¥ 


1=length of the uigenete path in inches © é 
A=cross section of the magnetic path in 


square inches \ 
1D Dees Bi, Ly, Do getny a are defined in 
the text in the paragraph “Summary of 
Definitions” 
w+2nf where f is the frequency 
= permeability : 
A =area of an iron circuit in square inches 


Appendix Il 


A. Calculation of Lz when H=KB,". 
From equation 1, which is the defining es 
tion for L, 


ae ee (17) 
4 t 
Substituting H=KB,” into equation 17 
yields 
NAfHN 
=——(= 18 
Ia F (2) (18) 
and , 
H=— (19) 
sothat 
NA Ni = ee 
=—|(— 20) 
oF (7) Go) 


a 
Substitution of n=1.0, 1.5, 2.0 and 2.5, 
into equation 20 gives the formulas for L, 


shown in Table I. ie 
B. Calculation of ZL, when H=K,B+ 


K,B". By substituting the value of 7 from 
equation 19 in equation 17 
_N?ABy_N*AB, a 
ewe) ewes 
NN? 1A 10-5 
er Ries ee (22) 
1K,( 1+ B® . 


Appendix Ill 
A. Calculation of ZL, when H=KB,” 


wa f cidsand e= nae 


sothat ~ 


wana f i dB, 


Now : 


dB,=--——,—_ dH (23) 
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weeiarnta f nap, end Gia 
and ; ver 


2W 
[eee T 


Te 
K* (n+1) 


Substitution of n= =1.0, : 
in equation 26 yields the form IE 
L, in Table I. 


B. Calculation of L, when H= Ky 


ae afl 


24 N210-5 oe 
er oe Racancce - - 
_ANHO-8 (KiB? -0.182KBM) 


l Kio aR ae 
~ ao 


: Ke 
—= Bo =F 
aan (140282 ra Be) 10 
[Rye Ce Wan 
9 18 
142 K —B +(2 eye 
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| Appendix IV 


_ A. Calculation of Lg when H= K 
From equation 4 which defines Le 


ib ED), aba 
Lg=N— =NA — 
Sndi di 
where 
r\1 \1 
K Kl) 
Then 
ace La i a 
and Tots 
1 
gat (OE 
n \Kl nee i 
an 


which is equal to L,/n. 
n=1.0, 1.5, 2.0, and 2.5 into pene 
RIVES the formulas for Lg in Table I, 


ELECTRICAL ENGINEE RIN Gq 


OB. FS cetieees of Ly when H= =K.B+ 
K,B™ 


- Nd®, N?A dB, N?A dB 
———— woh aee =e 1 5 y) 
La= au LE dif 1 dH ne 32) 
ne ee 10s 
Le ket 10K .B 
NIA 1075 
i (33) 


me (1410 2) 
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A. Calculation of L,, when H=K(B,)". 
Assuming no resistance or hysteresis 


iy 


ye En 


T Ne 
oo ay" * ip wat]! 
T Jo 


Now 


Lac = (34) 


dB 
7 NA 4 =F, sin wt 


when 8B, is in webers per square inch, so that 


=e ; 
7. cos wt i (35) 
Now : £ 
n 
“2-7 ; (36) 
pe n 
z( WA cos ot) (37). 
@ 
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When 1=1, 1.5, 2, and 2.5 is substituted in 


equation 36, and equation 34 is evaluated, ~ 
the results shown in Table I for Loc in 


terms of £,, are obtained. 

Substituting wL7=E in the equations so 
derived yields the formulas shown for L,, 
in terms of J in Table I. 


B. Calculation of Lz, when H=K,B+ 


- K,B 
1£ NAB,y10-* 0.707NAB,10-* 
Sb 6 Ie Se a ee een 
w I VJ/2I v9 
(38) 
Now 


4 2 ae) ent fil as 
m=(5 f ‘ sare r af vat) (39) 


Substituting for H as a function of B we 
obtain 


Bh ae ¥ 
rls cf 4 (Ki°Bm? cos? wt+2KiK2Bm™ X 
0 


1/s 
cos!! wi+ K>?Br,29 cos? wat) (40) 


Evaluation of this expression (Hudson’s 
manual equation 330) 


0.7071 KiBm Kz 
= "| 140.949 — Be 
N | + Ky mr 


K. us 
0,852 (BY B =| (41) 


N?A 


- K 
Lee= ey 7 (10%) | 1+o.982 3 Bmit 


Ke 4s 
18 42 
0.352 (2 ) Bax | (42) 


By plotting equation 41 for J versus By 
and equation 42 for L,, versus B,, the plot 
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‘ 


of Z,- versus I is obtained, which is shown 
in Figure 5. 
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A Masnetic-Type Air haut Breaker 


for 15,000-Volt Services 


L. J. LINDE 


ASSOCIATE AIEE 


Synopsis: In the development of the five- 
kilovolt Magne-Blast air circuit breaker, it 


- was shown that rapidly increased arc resist- 


ance was extremely effective in circuit inter- 
ruption. This paper describes an extension 
of that principle in the development of a 
Magne-Blast circuit breaker for 15-kv 


services with an interrupting rating of 250,- | 


000 kva. The higher electrical resistance of 
the are necessary for this voltage has been 
made possible by an increase in the thermal 


efficiency of the interleaving arc chute. The 
are chute which provides this greater effi- 


ciency is discussed in some detail. The 


design of the breaker is described briefly 


as well as its application to metal-clad 
switchgear. Test data and representative 
oscillograms are submitted to substantiate 


the interrupting rating assigned to this 


breaker. 


ODERN = switchgear equipments 
with moderate-voltage air circuit 


breakers have been used to considerable © 
advantage during the recent period of 


industrial expansion. Under the severe 


service conditions of this greatly acceler- 


ated war program, magnetic-type air 
circuit breakers have proved their worth 


‘in reliable operation with a minimum of 
maintenance. 
- cuit breakers for all moderate distribu- 


The trend toward air cir- 


tion voltages has been hastened by this 
experience, and demands for an extension 
of the line are real. The design history 
and performance characteristics of a 
development that eventually will extend 
the application of magnetic-type air 


_ circuit breakers to 15-kv service with 
"interrupting capacities of 250,000 and . 
500,000 kya are presented here. 

The first Magne-Blast air circuit break- - 


ers wete introduced for 2,300-to 5,000- 
volt service, Intended to replace the 
coriventional oil circuit breaker of com- 
parable ratings, these breakers were de- 
signed as the removable switching unit 
of modern vertical-lift metal-clad switch- 
gear. These breakers emphasized the 
beneficial effects of rapidly increasing 
the resistance of the arc prior to inter- 


Paper 44-47, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 


winter technical meeting, New York, N. Y., Janu- ~ 


ary 24-28, 1944. Manuscript submitted Novem- 
ber 26, 1943; made available for printing December 
13, 1943. 


L. J. Linpe is engineer, power-circuit-breaker 
division, and B. W. Wyman is in the air-circuit- 


breaker division, both with General Electric Com- 


pany, Philadelphia, Pa. 
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B. W. WYMAN 
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ruption of a-c circuits, both from the 
standpoint of current reduction and re- 
duction of the rate of rise of recovery 
voltage. Heretofore, it had been con- 
sidered generally that increasing are 
resistance only increased the energy that 
had to be dissipated in the interrupter 
and was therefore to be avoided. 

Since being described before the In- 
stitute in 1939, additional sizes had been 
developed -to include 50,000 to 150,000 
kva at 5 kv and 250,000 kva at 7.5 kv. 
The operating record of the several thou- 
sand Magne-Blast breakers now in service 
has been so satisfactory that it was im- 
perative to continue this development 


_ into the 15-kv range at 250,000 kva and 
_ higher. 


An extensive development pro- 
gram was therefore initiated to develop 
a 15,000-volt air circuit breaker. Oe it 


‘ Table L 1 


Test 


* See Figure 8. ** See Figure 9. 
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- circuit breaker having 250)! 


15 000.Velt 250, 000-Kva Mogne-Blast Clreult, Breaker 


Gasca Dhase ; 


ea ae ii 1s Oe aS TR . 


"has been’ Weta to ex 
Blast principles of it 
development of such a 


rupting capacity is described in t 
ing sections. A brief descript 
breaker and representative osc! 
also are presented. : < 


‘ 


provided an ene that oe 
to interrupt considerable current at m 
higher voltages. This arc chute 1 
parallel fins which project altern 
from the two inner Fei ! 


Maximum-Phase Rms Amperes Arcing Trip Impulse 

Num- Rms Amperes Qnitial in Arc Time ‘ to 
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jepth extending deeper and deeper into 
he matching slots between the fins of 


he opposite side. Where the fins inter- 
eave across each other, the arc is folded 
yack and forth gradually into a serpentine 
ath as it proceeds into the arc chute, 
where it is lengthened rapidly, and ‘its 
esistance is increased greatly through 
he transfer of thermal energy to the arc- 
hute surfaces. The effect of the inter- 
eaving are chute in increasing the length 
md resistance of the arc and the effect 
f this resistance in reducing the short 
ircuit and instantaneous recovery volt- 
ge are shown schematically in Figure 1. 


Experience gained in the development | 


f 5,000- and 7,500-volt Magne-Blast 
reakers showed that the voltage which 
ould be interrupted by an interleaving 
re chute is proportional to 


*. The length of serpentine arc path. 


y). The thermal effectiveness of the inter- 
saving fins in removing heat per unit length 
fare. 


_ 


a , 
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4 : 


' Magne-Blast circuit 


PO as? a See i B26 


x | 


Figure 1. Sehinatie’v view of a arc interruption 
in 15,000-volt Magne-Blast arc chute — 


(a). Plan view of arc chute showing gradual 


increase in depth of interleaving fins 


(6). Successive positions of arcas it is forced 
into chute. Blowout coils are inserted one 
at a time as arc travels along arc runners 


(c). ‘ Cross-section views of successive arc 


positions 


\ 


(d). Progressive increase of length of arc— 


reduced scale _ Wat 


(e). Short-circuit current showing reduction 
effected by resistance of long arc prior to 
interruption 


(. Voltage across contacts of breaker 
which is zero with breaker. closed. As con- 
tacts part and arc increases in length, its in- 
creasing resistance produces a rising arc-volt- 
age drop. At current interruption voltage 

assumes 60-cycle line-voltage value ‘ 


t 


(¢).', The strength of the transverse mag- . 


netic field available for forcing the arc into 
the chute. 


‘(d). The spacing of the arc runners for 


sustaining recovery voltage. 


(a). Both the length of the arc path 
and the thermal efficiency of the inter- 
leaving fins in the arc chute are effective 
in increasing the are resistance prior to 
current zero. The short-circuit current is 
teduced by the introduction of this arc 
resistance into the circuit, the reduction 


often being as much as 25 to 30 per cent 


of current values prior to contact parting. 
The instantaneous recovery voltage is 
reduced likewise in magnitude, for the 
current zero is advanced from its normal 


‘lag of 90 degrees toward or beyond the 
- normal voltage zero. 


For a given value 
of short-circuit current, this arc resistance 
must be increased directly with the ap- 


plied voltage to obtain the same percent- 


Figure 2. Interleav- 
ing arc chutes for 
a 15,000-volt 
250,000-kva 


breaker—one chute 

opened to show 

contour of interleav- | 
ing fins 
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of tests on these breakers, this phenom- 


eS 
age current reduction and instantaneous 
recovery-voltage reduction. 

Item a, or the relationship between 
voltage-interrupting characteristics and. 
the length of the serpentine are path can — 
be checked easily by tests. To do this 
two 7,500-volt arc chutes and their asso- 
ciated breaker parts were connected in 
series and opened simultaneously on a 
15,000-volt connection in the testing 
laboratory. These tests demonstrated ~ 
that two chutes could interrupt the same __ 
current as a single chute at double the — 
voltage of a single chute. Cathode+ray 
oscillographic records illustrated a char-— 
acteristic of particular interest, for they 
showed that the recovery voltage im- 
mediately following interruption divided — 
equally between the two are chutes, 
Within a very short interval this division _ 
was modified to values determined by the 
relative capacitances of the separate are 
chutes and contact structures. The re- 
sistances of the continuous interleaving 
hot gas path across each chute im- 
mediately following interruption provided 4 
an efficient potential divider. It is this es 
same resistance path in a single are Sg 
chutes that limits the rate of rise of — 
recovery voltage immediately after cur- 
rent interruption. During a long history y; 


ena always has limited effectively the _ 
rdte of rise of recovery voltage to 300 — 
volts per microsecond or less, regardless 
of actual circuit characteristics. Ae 

In the art of circuit interrupters there ¥ 
are ntimerous instances where circuit ; 
breakers, inherently lacking in this de- ‘a 
sirable characteristic, have used external — ae 
resistors to limit the rate of rise of re- _ 
covery voltage to moderate values. — = 


The length of the serpentine arc path 
can be increased by providing additional F 
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Increased fin depth is 


or deeper fins. 
undesirable, as such a design necessarily 


dictates a wider chute. ~Here the effi- 
ciency of the magnetic system dimin- 


_ishes with the necessary increase in the 


in extracting heat from the arc. 


capacity. 
‘close proximity of the fins to the narrow 


gap spacing between the magnetic side 
plates or pole pieces. Additional fins, 
however, can be added without adding 
directly to the arc-chute size. Both thin- 


ner fins and a reduced spacing between 


fins add to the arc length directly without 
increasing the space requirements of the 
chute. 

(0). The thermal effectiveness of the 


_ fins is increased also by moving the fins 


closer together, which flattens the normal 
cylindrical arc. The magnetic forces 


within the arc itself, however, try to 


return it to circular cross section which 
greatly increases the intimacy of the con- 
tact between the arc and fin surface. 
These phenomena are extremely effective 
Figure 
2 shows the interleaving arc chutes as 
developed . for a 15-kv Magne-Blast 
breaker having 250,000-kva interrupting 
From this illustration the 


interleaving path for the arc may be seen. 

(c). As the thermal effectiveness of 
the fins is increased, the arc must be 
moved at correspondingly greater speeds 
to prevent excessive fin temperatures. 
The speed of the arc at any point, how- 
ever, is proportional to the strength of the 
magnetic field at that point. 

The strength of this magnetic field is a 
function of the current and the number 
of turns in the series blowout coils, the 
cross-sectional area of the iron-pole 
pieces, and the distance away from the 
coils. Six blowout coils are used to 
obtain a magnetic field of maximum flux 
density over the entire area of the arc 
chute. 
time as the arc travels along the diverging 
are runners. Flux measurement tests 
have shown that, except for very small 
arc chutes, a much denser more uniform 
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These coils are inserted one at a> 


A. Herkolite bush- 


ae, 


Figure 3 (left). 

15,000-volt and 7,500-volt 

Magne-Blast circuit breakers 

‘showing similarity of design 
features 


Both breakers rated 250,000- 
kva interrupting capacity 


7 


Figure 4 


(a—right). 1,200-ampere 

- Magne-Blast air circuit breaker 
for 15,000-volt service. Rated 
interrupting capacity 950,000 
i kva 


(b).. Cutaway 
view of circuit 
breaker through one . 
pole showing ar- ~ 
rangement of con- 
tacts, arc - runners, 
series blowout coils, 
one side of inter- 
leaving arc chute, 
and muffler 


ings | 
B. Solenoid oper- 
‘ating mechanism 


C. Operating rod 

D. Primary contacts 

E. Arrcing contacts . 

FP Tt sittone=,aillr, 
booster : 

G. Removable box rt 
i a K. Upper are run- 

H. Muffler Nae . 

I, Interleaving arc L. Lower series 
chute blowout coils 

J. Upper series © M. Lower arc run- 


blowout coils ner 


magnetic field can be obtained with 
several series coils distributed along the 
entire runner rather than by a single 
powerful series coil. This is due to the 
high values of flux leakage unavoidable 
in such large air-gap circuits, where the 
effective flux density reduces approxi- 


mately as the square of the distance away © 


from the coil. Superspeed photographs 
taken at the rate of 60,000 frames per 
second of actual arc interruptions also 
have shown that it is necessary to dis- 
tribute these blowout coils to obtain 
uniform arc speed into the chute, 


Design Features of the 15-Ky 
Breaker 


During the early stages in the develop- 
ment of this air circuit breaker for 15-kv 
service, a number of different arrangments 
of interleaving arc chutes were tested 
that varied considerably from those used 
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Comparison of 


and design characteristics of one 


on the original Magne-Bla t-type 
cuit breaker. Although some of 


form of the Magne-Blast design wa: 
pletely successful when the SF 


field, and pas runner gap v were - 
satisfy the requirements for 15-kv s 
Figure 3 illustrates the comparative sizes 


the earliest (for 7,500-volt ser 
and the latest (for 15,000-volt se 
circuit breakers of this type. All 


accessible position in front of the brea 
arc chutes and box barriers extend 
the rear, and the, ones ba is 5 


vee section tangas one Cates a j 
the arrangement of are chutes, contacts S, 
blowout coils, and so forth. 


When the breaker is tripped 
moment an arc is established, it leave 
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ee 


very light currents, 
' rupting heavy current, a supplemental air 


rupted, this magnetic driving force is 
always inherently weak when interrupt- 
ing very light currents, 
transformer magnetizing currents. To 
maintain the same high arc speeds and 
short arcing times when interrupting 
as when inter- 


booster is provided as in the smaller 
breakers, but it is of increased size. 
This piston-type air booster is an integral 
part of the contact structure, and its 
effectiveness in maintaining short inter- 
rupting times during light-current inter- 


a—above). Circuit breaker - 


ind associated _ vertical-lift 
metal-clad switchgear unit 


(anes) 


~ Figure 5 


b—right). Cutaway sketch 

showing circuit breaker ele- 

vated in place in metal-clad 
compartment 


“ 


the arcing contacts and travels along the 
are runners at an average velocity of 
75 feet per second. It is never stationary 
and moves too rapidly to do any appre- 


ciable burning on the surfaces of either. 


the contacts or the runners. Deteriora- 
tion is reduced so greatly that, even at 
the maximum interrupting current rating 
of 14,000 amperes, several hundred cir- 
cuit interruptions may be completed 
without requiring maintenance or replace- 
ment of arcing surfaces. It was, there- 
fore, desirable to design the contact 
structure and breaker mechanism with a 
mechanical life commensurate with this 
arcing surface life. A new design con- 
tact structure has been developed in 
which both the primary contacts and the 
arcing contacts pivot on silver-alloy 
washers. This construction eliminates 
entirely the need of any flexible braid 
connections. Fifty thousand mechanical 
operations made on this type of silver- 
ring pivot have shown it to be very resist- 
ant to wear. This long operating life 
provides a breaker which is suited just as 
ideally to industrial applications calling 
for highly repetitive operations, such as 
are-furnace or rolling-mill motor control, 
as it is to central-station feeder protection 
where service continuity is the prime 
requisite. 

_ As the magnetic-field strength available 


or driving the are into the are chute in’ 


any series-coil magnetic breaker is directly 
sroportional to the current being inter- 
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particularly . 


Interrupting time 


Figure 6. 


ruptions can be seen in Figure 6, where a 
maximum of 4!/, cycles for any value of 
short-circuit current is shown. 


Test Data 


Many extended series of interruption 
tests were made in the development of this 
breaker to obtain optimum co-ordination 
between the interleaving arc-path length, 
fin spacing, magnetic-field strength, and 
air-booster size. Table I shows a series 
of interruption tests taken on a produc- 
tion breaker, ranging from transformer 


magnetizing current values to values well - 


above the interrupting rating of 250,000 
kva. 
operating time from trip impulse to in- 
terruption exceed 4.5 cycles. 
tests were followed by several trip-free 


closing operations and several two-unit 
operation duty-cycle tests. The solenoid 


mechanism, designed for high closing 
speeds, practically eliminated arcing 
on closing operations. Figure 7a shows 


‘the magnetic oscillogram, and Figure 7b 


shows the cathode-ray oscillogram of a 


_ typical interruption test slightly above 


the 250,000-kva interrupting rating (test 
51). The magnetic oscillogram shows 
the marked reduction in the short-circuit 
currents of each of the three phases as 


versus current of 15,000-volt 


Magne-Blast circuit breaker— 
rated 250,000 kva 


1. Interrupting time with air 


boosters 
9. Interrupting time without 
air boosters 


INTERRUPTING TIME - CYCLES 


Figure 7 


(a). Magnetic oscillogram of 


three-phase interrupting test at 
270,000-kva, 14,500 volts. 
Test 51 of Table I. Note 
marked reduction of current 
due to arc resistance prior to 
interruption 


(b). Cathode-ray oscillogram 
of recovery voltages across 
each pole following’interrup- . 
tion of three-phase test shown 
in Figure 7a. Rate of rise is 


AMPERES INTERRUPTED 


TRIP 
ENERGIZED 


— PHASE | 


[\# CURRENT ee /\ 
Wah 


VOLTAGE PHA wv. 3 


We Vk dy 
Purret\ Haba r A~ ce 
WN. ahs 


947-98 


OLTS PER MICROS! 


aegis ne RISE-FIRST eal’ ee 
Noe MeL CIRCUIT RATE = !400 VOLTS PER MICROSECOND 


reduced from 1,400 volts per 


microsecond normal for this cir- 
cuit to 200 volts per micro- 
second 


PHASE 2 AND 3 CLEAR <_. 
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In no case did the total breaker © 


These. 


d 


: 


- is 1,400 volts per microsecond. The resist- 
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_. CURRENT PHASE 3 
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-/ 


circuit rate of rise of the recovery voltage 
of the first phase to clear on this circuit 


ance of’ the continuous interleaving hot 
gas path plus the advancement of the 


‘ 


‘ s 


he 


phase position of the current from the 
_erest voltage point reduced the rate of 
rise of recovery voltage from the normal 


ENERGIZED PART 


¥ 
pine Vaal | 


the arc resistance increases. The normal | 


value of 1,400 volts per microsecond) to 


approximately 200 volts per microsecond. 
Figure 9 shows the oscillogram of a 


typical trip-free closing-opening opera- 


‘tion at 310,000 kva. This is the second 
of a two-unit operation 15-second duty- 
cycle test 64b. These tests demonstrate 


the. ample margin of safety of this 


breaker for application on 11,000- to 15,- 
-000-volt circuits requiring interrupting 


ratings up to 250,000 kva. 


During an extended test series this 
‘breaker has demonstrated acceptable 
factors in reliability and in life. Ex- 
haustive interruption tests have been 


but a portion of the complete test pro- 


gram. Tests for mechanical and load 
operations have established its operating 


‘life beyond 50,000 operations without the 


replacement of parts. Insulation tests 

‘meet all requirements. Since it’ was re- 

alized that arc-furnace applications rep- 
: bee , \ 
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Figure 8. Magnetic oscillo- 
gram of three-phase trip-free 
closing-opening test at 
310,000 kva 14,500 volts 
Test 64b, Table | (second 
' operation of two-unit opera- 
tion duty cycle—15-second re- 
closing 


i. at Mf 
ve 


Figure 9. Magnetic oscillo- 
gram of three-phase opening 
‘test interrupting load current 
on high side of 6,000-kva 
13,200-volt three-phase trans- 
former supplying arc furnace 


Note marked reduction of cur- — 
rents prior to interruption 


resent a severe service duty, this breaker 
was placed temporarily on such service 
in a steel mill during its development. 
Complete field test equipment, with this 
temporary installation, provided a quali- 
tative and quantitative analysis of 
breaker performance for such applica- 
tions. The oscillograms taken during 
this investigation demonstrated the value 
of this type of an interrupter in controlling 
the rate of rise of recovery voltage when 
interrupting both the load currents and 
magnetizing currents of an arc-furnace 
circuit. Figure 9 shows the reduction 
in current prior to interruption of the 
breaker interrupting load current of a 
13,200-volt 6,000-kva three-phase trans- 
former supplying an arc furnace. 


Conclusions | 


~The established principles of the 
Magne-Blast-type. circuit breaker can 


/ 


t 
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1, “Macne-Brast” Are Crecuit Br 


as to both voltage and int 
ability. The magnetic blasting 


controlled to cool and lengthen ~ 
at a rate necessary to interrupt th 
rents of a 250,000-kva rating at 15 
The proper co-ordination between — 
chute geometry, magnetic-field di 


CONTACT TRAVEL 


; €puct 


. 


bution and strength, and contact oper 
speed is used to create arc resistance 
rate most effective in completing effici 
circuit interruption. The energy lil 
ated by the arc is absorbed with a 
mum of deterioration. pie 

-The advantages of the long elects 
life of this breaker are combined vy 
sturdy mechanical design that i 
reliability of service with a minim 
care and maintenance. 
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Calculation of Unbalanced Voltage 
Drops i in Distribution Circuits With 
Particular Reference to Multi- 
grounded Neutrals” 


W. R. BULLARD 


MEMBER AIEE 


REWAR economic conditions neces- 

sitated the use of increasingly precise 
igineering technique in the design of 
ectric distribution systems. Present 
artime demands for conservation of 
aterials have intensified the need for 
ich technique. Control of voltage regu- 


H. L. LOWE 


MEMBER AIEE ~ 


tion is a factor of major importance in © 


stermining the capital investment in 
mductors and accessory materials 
seeded for distribution circuits: 
yer, an important hindrance to the ap- 
lication of accurate engineering in 
king account of this factor has been 
1¢ lack of a simple method of calculating 
oitage drops in circuits having un- 
alanced conductor impedances and un- 
alanced loads. The ntethod of sym- 
etrical components, used - mainly for 
alculation of unbalanced fault currents 
nd for solution of a wide variety of prob- 
ms involving circuit unbalances, has 


ot been accepted generally as a suffi- | 


ently rapid method for the solution of 
oltage-drop problems commonly en- 
ountered in 
ork. Furthermore, simple methods 
rdinarily used, which neglect unbal- 
need conditions, often give totally in- 
ecurate and misleading results. 

This paper presents the elements of a 
implified method applicable particularly 
9 circuits, such as those having multi- 
rounded neutrals, in which phase-to- 
eutral mutual impedances differ ma- 


aper 44-54, fecominended by the AIEE committee 


f power transmission and distribution for presenta- . 


on at the AIEE winter technical meeting, New 
‘ork, N. Y., January 24-28, 1944. Manuscript 
ibmitted November 12, 1943; made available 
or printing December 17, 1943. 


V. R. Buriarp, H. L. Lowe, and H. W. WaAuHL- 
vist are all electrical engineers with Ebasco 
ervices, Inc., New York, N. Y. 
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distribution-engineering ’ 


+H. W, WAHLQUIST 
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terially from phase-to-phase mutual im 
pedances, but in which the spacings in 
each of the two groups do not differ 
greatly from each other. This method 
‘provides for the combination of the 
effects of self- and mutual-impedances, 
so that calculation of voltage drops is 
reduced basically to a single vector multi- 
plication of a current and an impedance 
for each phase conductor, and for the 
earth-neutral combination treated as a 
single conductor. The change in circuit 
voltage produced by these drops then 
can be determined by vector additions 
and subtractions. 
In practical application the entire proc- 
' ess is reduced to simple algebra by use of 
the familiar method of approximation in 
which the expression (UX sin g+IJR 
cos g) is used to represent the arithmetical 
_change in voltage at the load due to drop 
along the conductors. 
all quantities are scalar, J representing 
load current, X representing conductor 
reactance, R representing conductor re- 
sistance, and g representing the angle 
between load current and the particular 


In this expression, 


circuit voltage under consideration at the 
receiving end. 

Algebraic working equations may be 
written for various commonly encoun- 
tered circuit conditions, using as a basis 
the vector equations developed in this 
paper. In combination with working 
impedance data prepared in accordance 
with the relations shown in the paper, 


_ such algebraic equations may be used 


for the rapid determination of delivered 
voltage in distribution circuits involving 
any type and size of conductor. 
Fundamental vector equations are de- 
veloped in the following, and examples of 


working algebraic equations and work- — 


ing impedance data are given. | 


General Equations 


With reference to Figure 1, which — 
symbolizes a four-wire three-phase cir- — 


cuit with multigrounded neutral, the | 
voltage drop V, in the circuit composed 
of conductor A and earth return corre- 


sponds to the vector difference between — ie 


source voltage E, and load volfage 
E,', as measured to an equivalent earth 
return plane of reference. The voltage 


. drop V, is a quantity not obtainable by _ 


direct practical measurement but is 
employed as a basis for writing expres- 
sions for general equations. Equations 
for V, and for the voltage drops in other 
conductors can be written as follows: 


Vag =En— Es! =LUZaat+T Zant 
ToZact+InZan) volts (a) 
ViiEp Ex STZ eee ; 
IcZactInZpn) (2) 
=Eoq— Eo! =LUsZactIsZactIcZccet+ 
IyZew) (3) 


4;—- 


Figure 1. Three- 
phase four-wire cir- 

j ith i= Va =Eg-Eg Ve =Eo- Ee Tp * Int 
cuit with multi la = Eg a Garaa ee ly tl + I¢+ Iyt Ig" 0 Ip ® Intl 
grounded neutral Vg=Ep-Ep Ww=Ew-En : In* KIp 
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"sae 


‘ e,¢ 
vector quantities, and 


Vy =En—Ey'=L(UaZan+IsZen+ | 
peel Sty (4) 


S| 
Litiationivvle= 0 (5) 


where bold-face characters 


\ 

I4, Iz, and Ic=currents in conductors A, B, 
and C, respectively, in amperes ~ 

Ty and Ig=averaged currents in the neutral 
conductor and in the earth, respectively, 
in amperes 


- Zaa, Zen, Zec, aud Zyy =self-impedances 


: (Zun—Zay)L. 
“tion. is - 


of conductors, A, B, C, and JN, respec- 
tively, with earth return, in ohms per mile 


Zap, Zac, and so forth =mutual impedances 


between conductors A and B, and con- 
ductors A and C, and so forth, with earth 
return, respectively, in ohms per mile 


_ Zay, and so forth=mutual impedance be- 


tween conductor A and the neutral con- 


ductor NV, with earth return, and so forth, . 


in ohms per mile — i 


‘L=length of circuit in miles 


"Voltage Drop Phase-to-Phase 


Vap=Va—Va=l14(Zaa—Zaz)L— 
_Ta(Zn2—Zea)h + To(Zac— Zpc)E+ 


OP iietion 6, for calculating phase-to- 
phase voltage drops under any condition 


of unbalanced impedances, contains a 


term with a mutiplier Jy, namely IyX 
In this form the equa- 
not directly usable for a 
circuit having multigrounded neutral, 


because the value of Iy is not readily 


obtainable. However, if it is assumed 
that phase-to-neutral spacings are equal, 
the term in question disappears, because 
the impedance quantities within’ the 
bracket then are equal to each other. 
The, quantities (Zsa—Zas), (Zen—Zpa); 
and so forth, represent positive-phase- 


sequence impedances as published in . 


handbook tables and can be represented 
more simply by the symbols Z,”, Zp“, 
and so forth, indicating positive-phase- 


sequence impedance of conductor A at | 
spacing AB, positive-phase-sequence im-_ 


f pedance of conductor B at spacing BA, 


and so forth. Equation 6 may be. re- 
duced then to 


Vap=l4Zs2®L—IpZp4L +I o(Zc?—Zo4)L 
volts (7) 


' This equation is applicable to ‘the 
calculation of phase-to-phase voltage 
drops in circuits having multigrounded 


neutrals in which phase-to-neutral spac-- 


ings are equal. It also is applicable. to 
calculation of phase-to-phase voltage 
drops in circuits having ungrounded or 
unigrounded neutrals in which phase-to- 
neutral spacings are equal. If these 
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indicate 


Iy(Zan—Zay)L volts (6) 


Figure 2. Return-circuit resist- 
ance for multigrounded circuits 
with zero-resistance grounds 


RETURN CIRCUIT RESISTANCE 
IN OHMS PER MILE — 


spacings are unequal, the resulting error 
in assuming phase-to-neutral spacings 
equal to the “geometric mean” will be 
negligible, unless conductors are large in 
size and phase-to-neutral spacings differ 
greatly. All equations in this paper for 
circuits involving multigrounded neutrals 
are dependent on the foregoing simpli- 


fying assumption, since the improvement 


in accuracy is not deemed to justify the 
complexity of rigorous calculations in- 
volving unequal phase-to-neutral spac- 
ings. This is particularly true, since the 


type of conductor arrangement usually 


encountered in connection with circuits 


having multigrounded neutrals is that in 


which the neutral position is some dis- 
tance below and centered under the phase 
conductors. In such arrangements the 
proportional differences between indi- 
vidual line-to-neutral spacings usually are 
very small. If phase-to-phase spacings 
ate assumed equal; the last term of equa- 


tion 7 disappears, and the calculation. 


reduces to a single vector product for 
each, conductor. 


Voltage Drop Phase-to-Neutral 
Van =Va—Vy=1a(Zaa—Zan)L— 


Iy(Zyw—Zaw)L+I(Zas—Zen)L+ 
Ic(Zac—Zen)L (8) 


This may be reduced, if single symbols _ 
are used to represent positive-phase-se- — 


quence impedance, to 


Van =1,Z4NL—InZy4L+In(Zp¥ — 
— £p4)L+Ie(ZoeN—Zc4)L (9) 


_ This equation gives a general expres- 
sion for voltage drops in multigrounded 
circuits but is not directly usable in this 


form, since the term Iy represents only a 
_ portion of the residual load current, and 


its value has yet to be determined. Fur- 
thermore, it must be kept in mind, in the 


application of formulas for this case, 


that the term Jy is defined as the averaged 


current in the neutral conductor, and 


that the mutual-impedance terms are 
defined similarly. These definitions have 


been chosen to simplify the development — 


of equations suitable for practical use. 
Further assumptions also may be 


made for simplification of equations with- | 
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PHASE TO sab sol a SPACING IN INCHES. 


out much Scenes in accuracy. Thes 
assumptions are: = . — 


(a). Uniform resistance of grounding « 
trodes, taken as an average of the resista ice 
of individual grounds. 


(6). Uniform spacing between groundi v4 


electrodes along the line, taken as an avera 
of actual spacings.’ : 


(ce). 


(d). Symmetrical arrangement of pl 
conductors with respect to the neutral | : 
ductor. (In cases where this symmetry 


Pa 


Uniform resistivity of the earth, 


- does not exist, the simplification u 


geometric mean spacing gives negli 
error, tnless the three phase-to-new 
spacings are widely different, and con 
tors are large.) ; 


If these assumptions are used, an equa 
tion for Iy in terms of Ip and vario 
calculable impedances has been deri 
from data developed by the Joint. S) 
committee on Development and 
search, Edison. Electric Institute | 
Bell Telephone System. The deri 
: pee may be written as follows: 


_ Zan C= 5 
Fs ———— ] Irp=KI 
Ne Zn Zwei Hae x 
where 


« 


Iz=Iy+IJ¢=total residual current in 

*  peres, equal to the total return eiael 
current in the parallel path of the neu 
conductor and earth. This current 
fixed vector value for a given conditio: 
loading 

Iy =averaged current in the neutral | 
ductor in amperes (as previously defin 
and is also fixed for given Srcuy 
loading conditions . 

Ig= averaged current in the earth in 
peres and is fixed ‘for given circuit 2 
loading conditions . 

u=a, factor which takes into account 
number and average resistance of 
grounding electrodes installed along 
line and the terminal grounding co 
tions. Its value is as follows for a cir 
with neutral conductor connected at | 
source end to a station ground of zero ohm 
resistance and grounded along its length 
by grounds of finite resistance, the lo; 
being connected at the end of ‘the circuit 


Zan— Zu) 
u=1—{| —_——— tanh 
-( ZAn eL ee 


(u=1 for zero-resistance grounds) 
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tg@= averaged resistance of the grounding 
electrodes divided by the average number 
of grounds per mile ~ 

Zan =Inutual impedance between conductor 
A and the neutral, with earth return, in 
ohms per mile 


inn =self-impedance of the neutral con- , 


ductor, with earth return, in ohms per mile 
2= length of line from source to load in 
miles ; 


"4 _ZAN Ge= ZAn *) 


Zyn\ Z2nn—Zan 


K=1 for ungrounded or unigrounded 
; neutral) 


f the expression KJ is substituted in 
quation 9 for Iy, and if the general 
superscript NP is used for the line-to- 
ieutral spacing, equation 9 may be 
nritten as follows for a multigrounded 
“ireuit: 


V an =TaZaNPL—IpZyNPKL+ 
Tp(ZeNP—Zp4)L+I¢(ZoN? —Ze4)L 
volts (11) 


This is a general equation for calculat- 
ng phase-to-neutral voltage drops in any 
three-phase four-wire multigrounded cir- 
uit in which line-to-neutral spacings can 
9¢ assumed equal, or where these spac- 
ngs ate taken as the geometric mean 
Shase-to-neutral spacings. It applies to 
ines involving any size or kind of wire 
or any of the phase or neutral conduc- 
ors, and to those involving finite resist- 
ances of grounding electrodes. It also 
uwpplies for circuits involving zero-re- 
stance grounds, or ungrounded or 
imigrounded neutrals, if the values of u 
and K are determined correctly. - 


When phase-to-phase spdcings are. 


yssumed to be equal, in addition to the 
ssumption of equal phase-to-neutral 
spacings, an expression for phase-to- 
jeutral voltage drops in multigrounded 
ircuits may be developed, as follows: 

if the expression 


Zan (Zee Zuvs 
Zun—Zan 


Zn 
-quation 8 may be written 
Van =14(Zaa—Zan)L— 


Bin (Zun—-Z ae 
Zan (Zax Zan) Zu —Zan)InL+ 
Zyn—Zan 


I3(Zas—Zey)L+ Ic(Zac—Zon)L 
When the terms are cancelled, this 
‘quation may be reduced to 


Van =14(Zaa—Zay)L— 


2. 
(Zar oe *) fet eeare 
ZyN 


Zen)L+Ie(Zac—Zew)L 


- 


_ Znw 


(12) 
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Figure 3. Substitute neutral 


\t Rr is substituted for Ty - 


reactance for multigrounded 
circuits with zero-resistance 
grounds 


\ 


IN OHMS PER MILE 


SUBSTITUTE NEUTRAL REACTANCE 


Since phase-to-neutral spacings are 
assumed to be equal, and phase-to-phase 
spacings also are assumed to be equal, 


the terms (Z4p—Zpy) and (Zy4c—Zey) 


are equal to each other and also equal to 
(Zas—Zay): 5 ; 

If this expression is substituted sub- 
scripts and superscripts are changed, 
and IpZa,L and IpZ,,L are added and 
subtracted, equation 12 becomes _ 


Zpyu\_ 
Vay =LaZsNL— (Zen a “Nr RL+ 
ZNN 


(Is+Ic)(ZaN?—Za?P)L (13) 


Since ( 
Iat+Ipt+Ict+Iy+Ie=0 
and 

Iy+Ia=In 
TadEg ble de © 
and 
Ip+Ico=—(a+In) 

_ Substituting 
—(a+Ta). 

for ; 
(Ig+Ic) 
equation 13 reduces to 


Van =1a(ZaX?4+ZaP—ZaNP)L— 


Fi 2, 
tal (Zen —" Vs za Ba? |z 
ZnN 
or 
Zpn? 
Van =LsZaPL— tal (Zes arses | + 
Zyn 
ZANP—ZaP 
or 
Zon? 
Cie =1424°E Hel ( Zu eo *) ea 
oe Znn 
za |L (14) 


A convenient name for the-bracketed 
expression in the preceding equation is 
“substitute neutral impedance,” and it 
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PHASE TO NEUTRAL SPACING IN INCHES 

may be represented by the symbol 
Zan as follows: ' 
Vina iZ Lie Ze ee (15) 
Similarly ; 
VinedeZeeD ie Zari 


and 


‘Ven =IcZcP L—InZsyL 


Thus, by using two simplifying as- 
sumptions, namely, phase-to-phase spac- 
ings are equal, and phase-to-neutral 
spacings are equal, the calculation of 
phase-to-neutral voltage drop reduces to 
a simple vector multiplication of a cur- 
rent and an impedance for the phase 
conductor and a current and impedance ~ 
for the return parallel path composed 
of neutral and earth. " 

Equation 15 may be used to calculate 
voltage drops in single-phase and in open- 
wye circuits in addition to three-phase 
circuits for which the equation is de- 
veloped. oe 


Reduction to Algebraic. 
Approximations y 


As examples of reduction of these 
equations to algebraic working form by 
the method of approximation mentioned 
in the introduction, formulas for line-_ 
to-neutral voltage change in a three- 


5 , 
ate > 8 SOLID] 4 
3 s 
c 
S 4 oO 
on 6SOLID| 5 
reg = 
=z 4sS0LID| © 
eee 
wz 
ow lO SOLID 
of 5 \ Fre 
be SOLID | 
n a 
i ® 6SOLID |S 
p Sa a et bi 
we TA 480tio | o 
a We SE eee eee 
m=, l) {GOERS a et Sea ee pce ere J ye 
Be 3 CASS 
(o) I 2 3 4 @ 


LENGTH OF LINE IN MILES 


Figure 4. End effect on return-circuit renictanee 
with finite-resistance grounds 


Rg=1 
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phase four-wire circuit with multi- 
grounded neutral having a single-phase 


load connected from line A to neutral, 


phase sequence being A, B, C, may be 
written as follows: 
Voltage reduction at load, EES A to 


‘ neutral, is very nearly 


 I4Recos (60°—¢) —L4X gy sin (60°— 


Igcos ¢(Rat+Rr)+la sin (Xa? +Xsy) 


Voltage increase, phase B to neutral, 


‘is very nearly | 


- IaRacos (60°+¢)+1 4X sy sin (60°+¢) 


Voltage increase, phase C to neutral, is 
very neatly 


¢) 


; In these expressions all quantities are 


scalar and a 
—. % 


; 


o4) 


Ta 
ne saa P=total handbook Paataind of conduc- 


1 
I 


i 


5 


R,=total resistance of conductor A © 
Rr=total 1eturn circuit resistance, or re- 
' sistance of carth-nentral combina- 
tion 


_ tor A at phase-to-phase spacing 
Xsn=total substitute neutral reactance of 
the circuit ' 
p= = power-factor phase angle of the load 
current with respect to load voltage 


" Substitute Neutral Impedance 


ot The bracketed “expression for Zsy in 
_ equation 14 can be reduced to the form 


Zan? (Zyn—Zawn)? , 
A iaewA4 ee 
Zsw' Zap Zy ZunOL tanh (@L) 
(16) 


‘In this expression, if resistance of con- 


nections to ground is assumed equal. 


to zero, @ becomes infinite, and the 


: term (Zyn—Zaw)?/(ZywOL) tanh (OL) 
disappears. 
- fore, represent conditions under which the 
_ division of current between neutral and 
earth is determined only by self- and 


The first two terms, there- 


mutual impedances of phase and neutral 


_ conductors and the resistivity of the 
earth itself. Such conditions exist ap- 
proximately in the central portions of 
long untapped circuits with multi- - 


grounded neutrals. The last term rep- 
resents conditions at the load end of the 
circuit, where the escape of current from 
neutral to earth is retarded by resistance 
of ground connections, zero-resistance 
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END EFFECT ON SUBSTITUTE NEUTRAL, 


ney veg 
grounding conditions at the source and 
being assumed in the derivation of the 
equation in this particular form. For 
convenience, the last term of equation 
16 is called ‘‘end effect.” It is greater, 
the higher the resistance of ground con- 
nections. If grounding conditions are 
no better at the source end of the circuit 


‘than along its length, then an additional | 


end effect must be inserted for the source 
end, doubling the value of the last term. 
If the load is not located at the end of the 
circuit, then two end effects in parallel 
relation must be taken into account, 


_since current will flow in the neutral in 


both directions from the load. 


Ais STEEL 


REACTANGE IN OHMS - 
AWG COPPER 


LENGTH OF LINE IN MILES 


Figure 5. End effect on substitute neutral re- 
actance with finite-resistance grounds 


Re=1 
hey , 


It has been customary in calculation 


of fault currents by the method of sym- 


metrical components to neglect end 


effects and make calculations under the 


assumption that ground connections — 
This ‘often results | 


have zero resistance. 
in negligible error, especially i in the case 
of long circuits, such as transmission lines. 
However, in the case of voltage-drop 
calculations in distribution circuits, omis- 
sion of end effects frequently will result 
in large error. 

For use in practical engineering work, 
end effects and the other component of 
Zsy composed of the first two terms 
of the expression in equation 16 can be 
calculated to’ cover a typical range of 
conductor types and sizes and incorpo- 
rated in tabular or chart form, for ex- 
ample, as shown in Figures 2, 3, 4, and 5. 
Figures 2 and 3 give return circuit re- 


sistance and substitute neutral reactance 


for the first two terms of the expression, 


\ 
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resistance and reactance end effects | 
various conductors but for a 


Circuits With Ungrounded New 


Page 314, equations1-3. 


itera : 7 


rs art pee 
respectively, for various con 
sizes, and spacings. Figures 4 


value of Rg or resistance of ground con- 
nection per mile. A series of such ch: 
for various values of Rg has been 
pared as working data for practical « 
plication of the method. 2 
In Figures 4 and 5 the last term 
equation 16 has been multiplied by 
and total values are read directly o 
posite circuit lengths. In Figures 2 a: 
3 the values are unit values per mile 
must be multiplied by the length 
circuit before substitution in working 
formulas. 4 
For the construction of Pe 
Figures 2; 3, 4, and 5, the following pk 
cal constants were used as reasona 
typical of conditions reas to be me in 
practice: . ; ‘| 


Earth resistivity...... 50 meter eee 
Distance from con- Pie | 
ductors toimage....2,000feet = 

Conductor tempera- PS % - 
Vie nda 8. cone 65 degrees centig 
FY CQUEHCY is diy sks Sockets 60 cycles 
Phase-to-phase spac- 
Lig se wee Neos eles 40 inches 


(Deviations from this value ordinarily en 
countered have relatively little aor or 
accuracy) _g 
Steel conductors......high-tensile str : 
Current intensity.....10 amperes per 


ductor 
t 


The forcuenue biaterat has been 
fined to circuits with multiground 
neutrals, but the method is applicabl 
circuits with ungrounded or uniground 
neutrals by suitable modification of 
expression for Zgy., For such cir 
this is found to be ~ . . 


Zsv =(Zw¥P+ZaNP—Z,?) 


These are all positive-phase-sequ 
impedances readily obtainable from ha 
book tables. 
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| Overloading of Transformers—Cases 


Not Covered by the General Rules 


| W. C. SEALEY 
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synopsis: The generai relations covering 
he heating of transformers and the effects 
Mf this heating on safe overloads are simple 
n principle, but the mathematics involved 
ire complex. When suitable curves are used 
© express the relations, the simplicity is 
vident. Loading of transformers and other 
‘quipment by temperature is increasingly 
common and rightly so. An understanding 
f the principles involved aids in intelligent 


pplication of information for loading by © 


emperature. The usefulness of the Ameri- 
an Standard C57.3, “Guides for Operation of 
[Transformers and Regulators,” 1942 would 
ye increased by the inclusion of temperature— 
ime charts so that a solution may be ob- 
ained for the unusual loading case. These 
‘harts are based on the same principles on 
which thé present rules are based. In ad- 


lition to simplifying the procedure for 


aking care of special cases, stich charts 
resent a graphic picture of the heating 
elations of transformers. 


MHE American Standard ‘Guides for 
| Operation of Transformers and Regu- 
ators” (C57.8, 1942 and the interim 
eports on overloading (references 21 


a 


OIL LEVEL 


TRANSFORMER 
COIL 


Bi 


Olldsmened transformer 


Figure 1. 


nd 24) give information which covers 
many of the overloading conditions en- 
ountered with transformers. These 
ules, however, do not cover every situa- 
ion. In order to help fill this lack, 
harts have been prepared which will 
nable the safety of practically any special 
ase of loading to be determined. 


‘aper 44-66, recommended by the AIEE committee 
n electrical machinery for presentation at the 
IEE winter technical meeting, New York, N. Y., 
anuary 24-28, 1944. Manuscript submitted 
eptember 10, 1943; made available for printing 
Jecember 21, 1943. 


V. C. Szavey is engineer in charge of transformer 
esign for the Allis-Chalmers Manufacturing Com- 
any, Milwaukee, Wis. J. B. Hoprum is trans- 
mer development engineer for the same company 
t Pittsburgh, Pa. 
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In addition to such quantitative values, 


| . . 
there is also a need for a qualitative sum- 


mation of the general principles on which — 


transformer loading is based. Such a 
summation will aid in correct application 
of the rules and result in confidence that 
the application is correct. The general] 


principles are outlined after which their 


application to specific cases is demon- 
strated by the use of charts. 


General Principles » 


_A familiar operation like heating water 
on a stove includes all the elements in- 
volved in heating and cooling of trans- 
formers. When a teakettle of cold water 
is placed on a stove, the water heats 
slowly because of its high thermal capac- 
ity. The heat given off by the hot gases 
of the fire must be transmitted to the 
water, which absorbs heat and increases 
its temperature. At all times, the tem- 
perature of the fire is higher than the tem- 
perature of the water, and heat flows from 
the fire to the water. 

After the teakettle is removed from the 
fire the water remains hot for a consider- 
able time. During this period, its tem- 


' perature gradually decreases as the water 


loses heat to the surrounding air. 

In a transformer, heat is generated in 
the copper of the windings and in the iron 
core. The transformer starting cold, a 
portion of this heat is absorbed by the 
copper because of its thermal capacity, 
and a portion of the heat is transferred to 
the oil. The oil, in turn, absorbs heat 
because of its thermal capacity, and, after 
its temperature increases, dissipates heat 
to the cooling medium, usually the air sur- 


Figure 2. Heating and cooling 
curves for a typical power 
transformer carrying full load 


Rises shown are hot-spot cop- 
per and top oil rise above 
ambient air temperature 
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rounding the transformer. In Figure 1 


~ the flow of heat is from the copper at A ta 


the oil at B and, in turn, from the oil at B 
to the air at C. The temperature differ- 
ence between the copper at A and the 
adjacent oil at B is commonly called the 
copper ‘‘gradient.”’ 


air at C is commonly called the “oil rise” 
in temperature. 
jacent to the hottest oil B, the copper 


temperature of A will be the hot-spot — 
copper temperature, and the temperature 
difference between A and B will be hot- — 


spot copper gradient. Since the tempera- 
ture of the hottest spot of the copper is 


the temperature which controls permis- 


sible loading, the charts used in this 


paper are the charts of eases tempera- 


ture. 

The rate at ane! ingigeliete deterio- 
rates depends upon the temperature, am 
increased temperature causing an in- 


creased rate of insulation deterioration. Tt — 


is assumed that continuous temperature 


of 95 degrees centigrade hot-spot tem- 


perature of the copper will result in satis- 
factory length of life for a transformer. 


If the operating temperature is below 95 
degrees centigrade for part of the time, it _ 
can be allowed to be above 95 degrees” 
centigrade for part of the time and still 
If ad- 


secure the same transformer life. 
vantage of this fact is taken, higher loads 


_ and higher temperatures can be permitted 
If the — 
transformer is cool when the overload is” 
applied, advantage may be taken of the — 
_ thermal capacity of the transformer mate-_ 


for short. periods of. operation. 


rial, and higher overloads with a corre- 


sponding higher rate of heat generation 
can be permitted when the transformer 


is cool than when it is hot. 


Heating and Cooling Curves 


TIME - HOURS 


The difference in 
temperature between the oil at B and the 


If A is the copper ad- 
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wteetdrak variations of transient 
temperatures with time can be shown 
conveniently on curves such as Figure 2. 
The rate of temperature rise with time de- 
pends upon the load upon the transformer. 


Ps 


<< 
a 


The curves of Figure 2 have been drawn 


for 100 per cent load. The left-hand part. | 


of the oil curve of Figure 2 shows how the 
temperature of the oil increases with time 
as load is applied to the transformer start- 
ing cold. The right-hand part of the oil 
curve shows the manner in which the oil 
_ temperature decreases when the starting 
_ temperature is higher than the final tem- 
perature of the oil. Figure 2 is really two 
sets of curves in one, the left-hand side of 
the chart being the curves for increasing 
- cgpper and oil temperature and the right- 
hand side of the chart being the curves. of 
decreasing copper and oil temperature. 
The side of the chart to be used is not 
determined arbitrarily but is determined 
by the oil-temperature rise. If the oil rise 
is above 45 degrees centigrade at the start 
of the period of time considered, the 
starting temperature and, consequently, 
the starting time will fall on the right- 
hand side of the chart. For example, if 
the starting oil-temperature rise were 55 
degrees centigrade, 
would be six hours on the cooling or 
right-hand side of the chart. If, however, 
the starting oil-temperature rise were 35 
degrees centigrade, the starting time 
would be four houts on the left-hand side 
of the chart. In either case, as time 
_elapses the numerical value of the time in 
hours would increase. ; 
As shown by the left-hand side of 
Figure 2, when a cold transformer is 
. loaded, the oil temperature rises rapidly 
-almost’as a straight line because practi- 
cally all of the heat generated is absorbed 
by the copper and iron and oil of the trans- 
former. If no heat-dissipating surface 
were supplied, the temperature would in- 
crease in a straight line indefinitely until 
failure occurred: After a time the curve 
of oil-temperature rise departs from a 
straight line as more heat is dissipated to 
the surrounding air. After several hours 
the rate of increase in temperature is very 
slow, until finally all of the heat gen- 
erated is being dissipated to the air and 
_ the oil temperature no longer increases. 
The right-hand side of Figure 2 shows 
how the oil temperature decreases with 
time when the ultimate temperature is 
lower than the initial temperature. The 
rate of decrease in temperature is most 
rapid at the beginning near zero time. 
The rate of decrease in temperature be- 
comes slower with lapse of time, until the 
same ultimate temperature is reached as 
for the same load with rising temperature. 
Because the copper-over-oil gradient 
changes rapidly compared to the rate of 


change of the oil temperature, the copper. 


temperature is assumed to be a constant 
amount above the oil temperature for any 
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the starting time. 


former for various — 30 
loads for the follow- ° |, 
ing full-load values: a - 
Hot-spot gradient, § e020 
20 degrees centi- ° gol, 
grade; oil rise, 45 aa 
degrees centigrade; «= 

ratio of copper loss & s 
to iron loss, two; & 7° 
thermal tine constant, 9 4° 


- three hours. 


load by the value of the gradient of the. 


transformer, and the copper curve is 
drawn accordingly. If the oil rise of the 


transformer is known (as by reading the 


thermometer on the transformer case) and 


100 per cent load is applied, the tempera- . 


ture rise from that time on can be deter- 


~ mined from the curve by assuming that 


the starting time is the time correspond- 
ing to the starting oil temperature. If, 
for example, it is assumed that the start- 


ing oil temperature is 30 degrees centi- 


grade, the starting time would be 2.8 
hours as read from the oil curve corre- 
sponding to 30 degrees centigrade. 
transformer does not know whether the 30 


The 


degrees centigrade was obtained by carry-. 


ing 100 per cent load starting cold or by 
cooling down from a higher temperature. 
Consequently, it may be assumed for pur- 
poses of calculation that the 30-degree- 
centigrade rise was obtained following the 
100 per cent load curve, the load being 


applied when the transformer was cold. If. 


this load of 100 per cent is carried for two 


hours, the total time wiil be 2.8 plus 2= 
4.8 hours. The copper temperature rise 
at the end of 4.8 hours will be 58 degrees 
centigrade as read on the copper curve. 
Each point on the copper curve corre- 


sponds toa definite oil temperature on the - 
.oil-temperature curve. Accordingly, it is 
possible to dispense with the oil curve and- 


use only the copper curve if the points on 


the copper curve are labeled with figures” 


as shown in Figure 2. 
Accordingly, for an initial oil tempera- 


ture of 30 degrees centigrade and 100 per 


cent load, the starting point on the copper 
curve is the point marked 30, correspond- 
ing to a time of 2.8 hours. Two hours 
later at a time of 4.8, the copper-tempera- 
ture rise is read as 58 degrees and the 
corresponding oil temperature can be 


estimated as 38 degrees by interpolating — 
between the 30- and 40-degree marks on 


the copper curve, or by subtracting the 


Figure 3. Heating 
and cooling curves — 
for a typical trans- 


Rises 

shown are hot-spot . 

copper and top oil 

rise above ambient- 
air temperature 


4 


/ 
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per cent load is a curve of the temperatur 


on each curve corresponding to the giv 


The same adel ete app 
only to transformers but also to oth 
types of electrical equipment wher 
thermal characteristics are a factor i 
determining the safe load which can | bi 
carried, 


Use of Temperature-Time Chart q 


Figure 3 consists of curves similar t 
Figure 2 for 0, 60, 80, 100, 120, 140, 160 
180, and 200 per cent loads for the hots 
spot-temperature rise above the ambien 
air. They were drawn in exactly the sa 
manner as the copper curve of Figure 2. 
The dotted lines are drawn through points 
of equal oil temperatures. The oil tem 
perature values are indicated by 
figures at each end of the dotted lines. 

The purpose of the curves of Figure 3 is 
not solely to secure a chart by which tem- 
perature values can be calculated readily 
It has the advantage of presenting. the 
various factors of\time, per cent load, and 
rise in degrees centigrade in such a mannet 
that the physical phenomena may be 
followed. For example, the curve for 12 


rise-of the hot-spot copper above the su 
rounding air versus time when a trans- 
former is carrying 120 per cent load. 
The dotted lines merely represent a simple 
means of indicating the oil temperature 


copper temperature. As stated, the 
pose of the chart is not only to determi 
temperature values for given load cyc 
but also to present a physical pictur 
the rise and fall of the temperature 

ing the load Syste: or ae 


EXAMPLE 


If the initial oil-temperature tise is 
30 degrees centigrade, what will the 
temperature be at the end of the time” 


aa | 
ay 


ae 
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Table | 


Final 
Copper 
Tem- 
: perature 
Final With 10 
Time (Hours) Hot- Degrees 
Per Spot Centi- 
Cent Start- Copper grade 
Load Elapsed ing Final Rise Ambient 
DUO eae. seers we co 8 PR cd 68 
AO rien Dicetinrs Mla es she Bie 82 creme 92 
BU temtalle 5/10 Onan. tir eae 68 


vhen 100 per cent load is carried for:two 
1ours followed by 140 per cent load for 
me hour followed by 80 per cent load for 
me hour? Is this a safe loading condi- 
ion where the ambient temperature is 
en degrees centigrade? 


In Figure 3, the time corresponding to 


30-degree-centigrade oil rise.on the 100 
yer cent load curve is 2.8 hours; 2.8 
1ours plus two hours equals 4.8 hours. 
[he copper-temperature rise correspond- 
ng to 4.8 hours on the 100 per cent load 
urve is 58 degrees centigrade. Moving 
0 the 140 per cent load curve, keeping 
yarallel to the dotted lines, one deter- 
nines the time of 2.2 hours as being the 
starting time corresponding to the same 
yil-temperature rise (38 degrees centi- 
srade) as for the finish of the preceding 
“in; 2.2 hours plus one hour equals 3.2 
1ours. The copper-temperature rise 
sorresponding to 3.2 hours on the 140 per 
sent load curve is 82 degrees centigrade 
which is the copper-temperature rise at 
he end of that time. Again moving 
sarallel to the dotted lines, one finds the 
starting time for the 80 per cent load 
curve to be 6.6 hours. 
aus one hour equals 7.6 hours. The 
-opper-temperature rise corresponding 
0 7.6 hours.on the 80 per cent load curve 
s 58 degrees centigrade. By interpola- 
ion between the dotted curves, this cor- 
sponds to a 44-degree-centigrade oil 
emperature. For convenience in calcu- 
ation, these values are arranged in 
[able I. 


Since the hot-spot saenein temperature . 


s below 95 degrees centigrade at all times, 
t is obvious that the loads described in 
[able I may be carried with safety. 

Any load cycle can be traced through 
he curves in similar manner, and the oil 
ind copper temperature at any point on 
he cycle may be readily determined. In 
iddition, at any point on the cycle the ef- 
ect of increased time may be determined, 


ince, by inspection, it is obvious whether 


urther increase in time will greatly in- 
rease or decrease the rise obtained. 

_ The chart of Figure 3 can, of course, be 
irawn with other variables plotted on the 
lorizontal and vertical axis, or by means 
f nomograms or special slide rules. The 
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RELATIVE RATE OF LOSS OF LIFE 


Adding 6.6 hours 


Figure 5. 


~ two hours. 
- shown are hot-spot 
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ee a i a 


60 70 80 90 100 [10 120 130 
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Figure 4. Rate of loss of life of canines 


insulation in’ terms of rate of loss of life at 
95 degrees centigrade 


arrangement of Figure 3, however, pro- 
duces a better physical picture for most 
practical cases. 

The curves of Figure 3 have been drawn 
for the following transformer characteris- 
tics at 100 per cent load: a ratio of copper 


loss to irdn loss of two to one, a hot-spot. 


copper gradient above the oil of 20 de- 
grees centigrade, an ultimate oil rise above 


the ambient air of 45 degrees centigrade, 


and a thermal time constant of three 
hours. Many modern power transformers 
have characteristics which are approxi- 
mately the same as these assumed values, 
and the curves of Figure 3 can be used for 
such transformers. 

Some transformers, particularly older 
transformers, may have higher gradients 
and shorter time constants than those used 


.to determine the curves of Figure 3. The 


chart of Figure 5 has been drawn for use 
on such transformers with lower overload 
capabilities, assuming the following full- 
load values: a hot-spot gradient of 30 de- 
grees centigrade, oil rise 35 degrees centi- 
grade, ratio of copper loss to iron loss at 


Heating 
and cooling curves 
for a typical trans- 


\ 


\ 


- fullload 2 to 1, thermal time constant twe 


hours. For general use either the charts 


_ of Figure 3 or the chart of Figure 5 will 


be used, whichever is closer to the char- 
acteristics of the actual transformer. In 
case of doubt Figure 5 should be used. 
The use of typical charts and the use of 
typical values of constants for determin- 
ing permissible overloads of transformers 
follow the general principles which are 
used in preparing other guides for opera- 
tion of transformers, such as American 
Standard C-57.3. When this section on 


. the guides for operation of transformers 


is revised, charts stich as Figure 3 or 
Figure 5 or both would add useful infor- 


mation. If other values than those as- — 
sumed for Figures 3 and 5 are chosen | 


for the other data, these figures can be 


revised, using the same constants as 


are used for the other rules. Detailed 
means by which curves of Figures 2, 3, 
and 5 may be obtained are described ia 
reference 20 (see the appendix). 

For any particular transformer, values 
of hot-spot copper gradient and top oif 
rise at full load, and the thermal time 
constant (the: time which would be re- 
quired for the transformer oil to reach its 
ultimate temperature if all the heat were 
absorbed in the oil and no heat were dis- 


sipated to the air) may be obtained from — 
the transformer manufacturer. For more 


accurate results, of course, charts similar 
to Figures 3 and 5 may be constructed 
especially for a particular transformer, but 
this refinement is seldom necessary. 


Calculation of Loss of Life 
of a Transformer 


The curves of Figures 3 and 5 can be 
used to calculate allowable loads and the 
loss of life for a given loading cycle. The 
loss of life for a given loading cycle can be 
calculated from Figure 4 which shows the 
loss of life in percentage of the loss of life 
RARAGS ap Hy 


former for various 
loads for the follow- 
ing full-load values: 


He ae 


Hot-spot gradient of 
30 degrees centi- 
grade; oil rise, 35 
degrees centigrade; 
ratio of copper loss 
to iron loss, two; 
thermal time constant, 
Rises 
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copper and top oil 
tise above ambient- 
air temperature 
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of a transformer operated continuously 
with a hot-spot copper temperature of 95 
degrees centigrade. For convenience in 
calculation it may be assumed that, the 
ultimate temperature is maintained for 
the total time the load remains constant. 
(If more precise values are desired, the 
curve of temperature versus time may be 
drawn.) The comparative loss of life 
may be determined as shown below. The 


average rate of loss of life over the period 


considered is the rate of aging relative to 
the base rate of continuous operation at 95 
degrees centigrade hot-spot temperature. 
EXAMPLE 


What i is the loss of life during the pre- 


ceding example as compared to the loss of 


life at 95 degrees centigrade when the 
following temperatures were obtained: 


68 degrees centigrade at end of two hours of 
100 per cent load 


f 92 degrees centigrade at end of one hour of 


‘140 per cent load 
68 degrees centigrade at end of one hour of 
80 per cent load 


What is the highest ambient tempera- 


_ ture at which this loading could be car- 
_ tied without the average rate exceeding 


the normal rate of loss of life? 
From Figure 4, the rate of loss of life 


at 68 degrees centigrade i is 0.10; and at 


92 degrees centigrade, 0.74 times the rate 


__ of loss at 95 degrees centigrade. © 


i 


__ perature from Figure 4 of 79 degrees centi- . 


The average rate = he 

0.10X2+0.741+0.10X1_ 
4 

rate of loss of life at 95 degrees centigrade 


0.26 times the 


This corresponds to an equivalent tem- _ 


grade for the four-hour period. The am- 


bient temperature was ten degrees centi-_ 


_ grade; it could have been 95 degrees centi- 


grade—79 degrees centigrade= 16 degrees 


_ higher or equal to 26 degrees centigrade 


‘before the average rate of loss’ of life 


exceeded the normal rate, 


Safe Loads for Short Times 


Another approximate method which 
may be used is to compare the final tem- 
peratures with those given in the Stand- 
ards for short-time loading. 

The following temperature limits may 
be used for recurrent loads: 


Two hours or less—110 degrees centigrade 
Eight hours or less—105 degrees centigrade 
24 hours or less—95 degrees centigrade 


Transformer hot-spot copper temperature 
which is calculated as the sum of the 
temperature rise from Figure 3, and the 
ambient temperature should not exceed 
these values. 
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If the temperatures obtained during the — 


desired loading do not exceed these values 


for the times corresponding to the tem- 
perature rises on the curve of Figure 3, 


the loading will be within safe limits. In 


the preceding example, the copper tem- 
peratures given in Table IT were obtained 
with ten degrees centigrade ambient: 
The temperature limit for 4.8, 3.2, and 7.6 
hours is 105 degrees centigrade as shown 
in the last column of Table II. The final 
copper temperatures are all below the 
limit, so consequently the loads may be 


carried with safety. According to Table 


II, the ambient temperature could have 
been equal to 105—92=18 degrees higher 


or equal to 23 degrees before safe tem- 


peratures were exceeded. This approxi- 


mate value may be compared with the - 


more accurate value of 26 degrees centi- 
grade obtained by the previous method. 


at 


Summation 


The general principles underlying safe 


loading of transformers can be conven- 
iently expressed on a quantitative basis by 
the use of charts. These charts consider 


the effect of ambient temperature and 


thermal capacity of the transformer as 
well as the other physical constants of the 


transformer. Thermal characteristics of 
a transformer cannot be precisely deter- 


‘mined, but fortunately precise deter- 


mination is not necessary for practical 
use. By using assumed values for con- 
stants which give results on the safe side 
(for example, using a gradient for calcu- 
lation which is not smaller than the actual 


gradient, using a thermal time constant — 


which is not larger than the actual time 
constant) one may be certain that the 
loading obtained is conservative. This 
follows the general principles in common 
use for overloading transformers. The 


heating of other apparatus follows the — 


same laws as the heating of transformers. 
Similar charts can be prepared using the 
same priticiple for the set of constants 
which apply to the particular apparatus. 


Conclusions 


1. The fundamental principles involved in 
transformer heating and overloading are 
simple and applicable not only to trans- 
formers but to other devices which generate 
internal heat. 


2. By using simple tase the advisability 
of a contemplated overload cycle for a 


' transformer can be quickly determined. 


The usefulness of the American Standards 
would be increased by the inclusion of such 
charts, 


3. Where the more ee rules are not 
applicable to the loading being considered, 
the heating and loss of life for the loading 
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‘transformer oil at air temperature for 


given. 


4. In ovedtoalinie Sekatounace the c 
tions given in the interim report should b 
observed. : 
5. If a short-time overload is to be carried 
on an existing transformer, the starting 
point in determining the safe time for the 
load should be the present oil temperature. 


Appendix. Datenption of Curves 


The curves of Figures 2, 3, and 5 are 
curves of heating and cooling versus time 
and are calculated curves which closely 
approximate the curves which would be ob- 
tained if frequent readings were taken on a 
transformer in operation, starting with 


heating curves and starting with the oil at 
100 degrees centigrade rise for the cooling 
curves. An extensive exposition of » 
existing relations is given in the eee 
especially references 2, 5, and 20. 


Lao) Te 
Final ee 
Temperature 
With 10 ; 
Final ‘Degrees 
Final | Copper Centigrade Temperature 
Time (Hours) Rise Ambient Limit 

BBA cae 58 
SA2Ss cA 82 
Ni. Olratorbe, dead 58 


curves are calculated in accordance witt 
these references. To make the curves moré 
generally useful, the effect of thermal 
capacity of the copper alone is neglected. 
This produces appreciable error only for 
short times on the order of 15 minutes or 
less, and even there the effect is to increz 
the safety of loading. - q 
The curves are drawn for the following 
relations of references 2, 5, and 20: 


1. The ultimate hot oil rise over ambient 
varies as the 0.8 power of the loss. Consequet 
the heat dissipation from the oil to the air varies 2 
the 1.25 power of the temperature. 


a 
2. The copper loss varies as the square of the load. 


3. The hot-spot copper gradient varies as the . 7 
power of the load. ~ 

1 
4. The thermal time constant of the copper alo ni ie 


is assumed to be negligible. | i 


; — 

5. The thermal time constant of the whole trans- 

former is assumed to be constant at the given value, 
. ¥ : 7 - J 
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N evaluating an electric switching 
device, its following characteristics 


must be considered: : 


1. Ability to close the circuit without un- 
due deterioration of contacting points. 


2. Ability to carry the current without. 

injurious temperature rise. 

3. Ability to interrupt the circttit with the 

least destruction of coutacting members. 
Considerable attention has been given 

to the study of the two latter problems, 
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proper operation of switching devices 
realize that, in many applications, particu- 
larly those involving high initial power 
surges, the “making” of the contacts 
may be even more important than their 
“breaking” performance. , 

A switch, to “make” properly, must 
‘bring the contact points into union with- 
out their bouncing or vibrating. That is, 
once touched, the points should not 
separate, for otherwise the circuit would 
be momentarily broken with Fesulting 
arcing. - 

Particularly vulnerable are the con- 
tacts controlling tungsten filament lamps. 
In such’ circuits, because of the high 


4-69-7/ 


Figure 1. Oscillogram show- 

ing current rise in 1,200-watt 

lamp circuit on 125 volts, 
direct current 


4, v, vw 


temperature coefficient of resistivity of 
the filament material, the initial current 
is several times that of the normal lamp 


current. A typical oscillogram, Figure 1, 


recorded an inrush current of 800 per 
cent of the normal. Consequently, if 
vibration of contacts occurs, during their 
“making” period, the contact points are 
called upon to interrupt and to “‘close” a 


Basis, D. L. Levine. Electric Light and Power, 
volume 17, March 1939, pages 52—5. 


13. Maximum ALLowaBLeE LoapiInG on Dis- 
TRIBUTION TRANSFORMERS, H. P. Seelye, N. A. 


Pope. Edison Electric Institute Bulletin, volume 7, 


October 1939, pages 491-6. . 


14. SwLEcTING DISTRIBUTION-TRANSFORMER SIZE, 
M. F. Beavers. ELecTrRIcAL ENGINEERING, volume 
59, October 1940, pages 407—12. 


15. Errscr oF Loap Factor ON OPERATION OF 
POWER TRANSFORMERS BY TEMPERATURE, V. M. 
Montsinger, AIEE TRANSACTIONS, volume 59, 
1940, November section, pages 632-6. 


16. TRANSFORMER OPERATING GUIDE TO FEASIBLE 
War Loapines, H. F. Hartzell. Hlectrical World, 
volume 117, June 27, 1942, pages 2222-4. 


17. Emercency OVERLOADING oF ArtR-COooLED 
O1L-IMMERSED POWER TRANSFORMERS BY HotT- 
Spor Tempzraturzes, V. M. Montsigner, P. M. 
Ketchum. AIEE TRAnsSAcTIons, volume 61, 1942, 
pages 906-16. 


18. Factors AFFECTING THE MECHANICAL DE- 


TERIORATION OF CELLULOSE INSULATION, F. M. 
Clark. AIEE Transactions, volume 61, 1942, 
pages 742-9. 


Russell, Keilien—Vibration of Electric Contacts 


_impulses (telephony, electric clock sys- 


load eight times their rated capacity. 
Such excessive current, of course, de- 
stroys the contacting parts very rapidly. 
Vibrating contacts impose a greater 
duty on the contacting members. Such 
contacts are subjected to the load inter- 
ruption, not only during their “break- — 
ing” function, but also while they are 
“making.” Naturally, in. circuits pro- 
ducing high current surges, this condition 
causes very rapid disintegration of con- 
tact material and welding. The ‘results — 
of vibrating contacts controlling a circuit 
of lamps are shown in Figure 2. Speci- 
mens 2a were closing and opening a cir- 
cuit having lamps as load and are show- 
ing severe pitting and wear of metal at 
the center portion of the contact; it was 
caused ny “breaking” the circuit after — 
initial ‘“‘make.” Specimens 2b were 
controlling a d-c noninductive resistance 
load and are characterized by deteriora- _ 
tion of metal at the wings of the contact; 
this wear was caused by arcing incident ; 
to “breaking” of circuit; it will be ob 
served further that the center portion — " 
of the contact was not affected because of 
absence of high current surges in non-— zy 
inductive resistance circuit. Life of 
contacts vibrating during’ “making” is 
reduced, and, in some circuits, their use 
becomes prohibitive. ag] 


Similar destructive results occur in 
switches controlling motors, since the 
starting current of motors is several times _ 
their “running’’ values. : \ 

In the application of contacts ines “ta 
sending out a predetermined number of 


tems, supervisory control, and so forth) — 
for selection of indication or of a function 
of remotely located apparatus, the con- 
tacts must be vibrationless, for otherwise _ 
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(a). Switch contacts controlling lamp load 
: circuit, 


(b). ~Switch contacts controlling noninductive 
resistance circuit 


ms 


Figure 2 


the number of “makes” and “breaks” 
would not correspond to the assigned code, 
' thus producing erroneous results. While 
the effect of vibrating contacts may be 
_ cdmpensated by the use of slow-acting 
“ magnets, such a scheme is not desirable, 
for it limits the speed of the system. 
Functionally the contacts may be 
divided into two general groups: butting 
‘type (contactors, relays, switches, keys, 
circuit breakers, and so forth) and knife 
type (knife switches, snap switches, oil 
- switches, circuit breakers, and so forth). 
In a switch of elementary design, the 
blades may produce violent. vibration, 


_, Observe several complete circuit inter- 

-ruptions by either specimen. Butting 
type of contacts, such as used in relays, 
keys, and so forth, usually close with 
pronounced bouncing, as shown in Figure 
4. Many circuit interruptions took place 


in relatively lengthy periods of time elap- . 


sing between first ‘make’ and final com- 
pletion of the circuit, in both exposures. 
Therefore, the matter of vibration sup- 
pression becomes an important problem 
in switching mechanism designs. 
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Figure 3. Oscillogram show- 23 Leeman |e) oy) Be eet . 
mary snap switch — , —s 


' the moving system in excess of that 


sipated. Unless this is done, the im- 


closing of contacts and thus would act as a 


points,” 


: : ; ; . not be incorporated. Consequently, it 
as indicated in oscillogram Figure 3. — eee, onsequently, i 


Russell, Keilien— Vibration of Electric Contacts 


tn \ A . Co ae : ae 
‘ 7 a 4 ee ° | ee - 


.s 


|" [SPECIMEN A 


as AMP di 7 i" ik 


AVS af f PAS ‘AY A__ 
AAA Vo VV VARA V ve 


Ma 


Snap switches closing nonin- 
ductive resistance circuit on 
1925 volts, direct current 


ment to suppress the vibration witho 
external means. The investigation 1 
sulted in a contact with self-contai 
vibration suppressor. This was acco: 
plished by preloading mutually ? 
halves of the flexing contact memb 
Thus, when the flexing contact arm 
gaged the stationary member (like a kn 
- switch) the energy, which would h 
caused vibration, was absorbed by 
preloaded contact, without sacrifi 
high contact velocity. = 
For the somes of the factors alec! 


For vibrationless operation, it is 
necessary to prevent contact overtravel 
at right angles to the direction of move- 
ment in case of the knife type of contacts, 
and to eliminate bouncing in case of but- 
ting type. In either case the energy of ° 


utilized to unite contacts must be dis- 


pact will cause rebound. 

For the interruption of d-c circuits, it is 
generally considered that the contacts | 
must travel with high velocity. How- 
ever, such a characteristic is objection- 
able during their “making,” for the 
kinetic energy resulting from this high 
velocity would be more difficult to absorb. 

One of the most common means of 
contact vibration suppression is to de- 
sign the stationary contact under spring 
pressure, so arranged that, when the 
moving contact strikes the stationary 
contact, the spring absorbs the energy 
of the moving system.! Similar results 
may be obtained by the use of a dashpot, 
which would be put into action on the 


. flexing blade anGaten eee ie tacts 
completing the circuit. It will be ap» 
patent from further discussion that #1 
analysis is applicable to any type of ki 
contacts. In this switch the moval 
element (the blade) is brought into ra 
motion by a spring which is sudden’ 
released, having been gradually load 

_ previously by the movement of a man 
ally operable handle. Thus, the operat 
has no control of the speed with W. 

_ the contacts engage. The blade ‘colli 
with the stationary contacts duri 
“making,” and this action can be trea od 
asanimpact, | q 

Experimental investigations es con 
tact vibration required the study 

_ several pertinent factors. Actual os 
grams, mentioned heretofore, give in 
tions that the oscillations are damped, 
expected; the -velocity of the mo 
system is high;? the mass of the mo 
system cannot be materially redu 
without the detrimental effects of 1 
current density of current-carrying parts, 


a damper in absorbing the energy of the 
movable contact. 

Another method of reducing the contact 
vibration is to use hollow contacting 
filled with metallic powder. 
When suddenly arrested by the stationary 
contact, the powder particles create 
heat because of friction between them, 
thus dissipating the energy which would 
have produced vibration. 

The snap switch offered a particu- 
larly difficult problem. Because of its 
limited. size and low cost, elaborate 
means for the absorption of energy could 
Figure 4. Oscillogram showing circuit intet- 


was necessary to devise some arrange-  ruptions during “making” of relay contact: 
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Relay contacts closing noninductive resistance circuit 
on 125 volts, direct current 
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figure 5. Graphical representation of char- 
acteristics of preloaded contact springs 


or without making the mechanism un- 
desirably small. sa 
Analysis indicates that there is oblique 
impact between the blade and the sta- 
tionary contact which tends to cause a 
rebound at anangle. It seems quite clear 
that, without the application of some 


Figure 6. Right switch blade contact after 
60,000 closures of circuit containing lamps. 
- Left blade unused 


external force, the blade after impact will 
separate from the contact, if the blade 
is a free acting spring. Rebound may be 
prevented by preloading the blade to the 
extent necessary to reduce to zero the 
component of the blade energy perpen- 
dicular to its travel. 
In Figure 5: 


D=bilade travel after impact within which 
rebound energy is to be absorbed 
F=average force which, acting through 
distance D, is equivalent to the ki- 
netic energy component perpendicular 
to the blade travel . 
D, =maximum blade deflection 
F,=maximum blade pressure 


a 


The work represented by the area 
OBGC is equal to the kinetic energy of 
the component of rebound perpendicular 
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Snap switch with preloaded contacts closing 
noninductive resistance circuit on 45 volts - 


direct current 


bi ¢ 
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Figure 7. Oscillogram showing vibrationless 
contact closures of preloaded blade contacts 


to the blade travel. This is the amount 
which must be balanced by the work of 
deflecting the blade. 

The load deflection curve OA represents 
a spring blade of suitable characteristics 
to give adequate contact pressure Fi, 
at maximum deflection D,, but it is 


seen that the area, OHC, representing the © 


work done in deflecting the spring dis- 
tance D, is less than OBGC and, therefore, 
insufficient to prevent rebound. 

The spring blade, however, which will 
just prevent rebound, will have a load 
deflection curve NM with ON represent- 
ing the preload. Ora spring having the 
loading characteristic BE will provide a 
factor of safety. tat . ; 

To check the results experimentally, 
a number of switches built with the blades 
of suitable design were tested under most 
severe practical load (tungsten filament 
lamps with a special. generator capable 
of producing the high surges needed.) 
The test specimens were arranged so 
that the contacts were only ‘‘making”’ 
under load, while the “‘breaking’’ of the 
circuit was accomplished by another de- 
vice. There was no visible pitting on 
any specimen, indicating vibrationless 
“‘make,’’ even after 60,000 operations. 
The appearance of a specimen after test 
is given in Figure 6, in which the right- 
hand contact discloses slight grooves 
resulting from mechanical abrasion of 
parts. The left-hand blade is an unused 
sample and is shown for comparison. 

Oscillograms further substantiated 
vibrationless contact (see Figure 7), 
for the circuit controlled by the contact 
was not broken after the initial “make.” 
The slight saw-tooth shaped lines at the 
start of “on” period and at the end of 
“off” period, as shown on this and pre- 
viously mentioned oscillograms, represent 


the record of the galvanometer over- 


travel, and should not be interpreted as 
circuit interruptions. 

In actual practice the contact is 
called upon not only to “make” but also 
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CONTACTS I-2 


CONTACTS 3-4 


AMP 


to “break” the lamp load circuit, In- 


juries to contact surfaces resulting from 
“breaking” contribute to their imperfect 
“making,” ultimately destroying the 


contacts in spite of the designs, exposing 


different areas of the contact during 


“making” and “‘breaking.’’” The life of 
switches having preloaded blades has 


been increased several times as compared 
with that of a conventional design having 
no vibration suppression means. This 
fact has been substantiated by tests of a 
large number of specimens. ; 

It is quite apparent that designing the 
contacts so that the energy causing 
vibration is absorbed at the instant of 


impact may be readily accomplished by 


the mutual preloading of the contact 
blades, Under such conditions the vibra- 
tion may be eliminated completely, pro- 
ducing a marked increase in the longevity 


‘of electric contact. 


There is a tendency to increase the load 
controlled by switch contacts, particu- 


larly in the field of lighting. This con- 


dition has been created by higher levels of 
illumination and the impracticability of 
increasing the number of conductors in 


existing wiring. Short life may be ex-— 


pected in such cases with switches whose 
contacts are not suitably designed. 
Wider application of various contactors, 


relays, industrial switches, and more — 


stringent requirements in their perform- 
ance emphasize the necessity of having 
vibrationless contacts. The described 
method of vibration suppression, because 
of its simplicity, could be applied success- 
fully to many switching devices whose 
vibrationless contact operation is para- 
mount for reliable performance. 
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entirely new fuse construction. 
D Bination of this current-limiting element 


A New Three-Element Current-Limiting : 


Power Fuse i 


H. L. RAWLINS 


* MEMBER AIEE 


Synopsis: In order to meet the require- 
ments for the protection of high-voltage 
motor starters and for protecting small loads 
and apparattis connected to those parts of 
electric systems having extremely high short- 


_ circuit currents, it has been necessary to _ 


increase the current range of the three-ele- 
_ment current-limiting fuse. This fuse, which 
was announced in, 1940, has been in com- 


"mercial use for over two.years in the lower 


ampere ratings. 
The development of higher current rat- 
ings in a fuse of suitable dimensions pro- 
duced problems and solutions totally dif- 
ferent from those previously encountered. 
A new type of fusible element has a time— 
current characteristic particularly suited to 
current-limiting fuses. . Extremely fast 
melting times on high currents to give cor- 
rect current-limiting action are combined 
with a continuous current-carrying capacity 
and normal melting time of an element hav- 
ing five times the area previously associated 
with the current-limiting characteristic. 


_ ‘The association of this element, with gas- 


evolving material and quartz sand to give 
_ quick and positive current limitation while 
the metal vapors are absorbed, results in an 
The com- 


with a noninductive resistor of special char- 


acteristics and a totally enclosed boric-acid 


“clean-up” fuse has resulted in a current- 


¥ Paper ‘44-48, recommended by the AIEE committee 


on protective devices for presentation at the AIEE 
winter technical .meeting, New York, N. Y., 
January 24-28, 1944. Manuscript submitted 
November 13, 1943; made available for printing 
December 13, 1943. 


H. L. RaAwiins is manager of protective devices 
engineering, and H. H. Faunos is design engineer, 
both with Westinghouse Electric and Manufactur- 


? ie Company, East Pittsburgh, Pa. 
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limiting fuse of more compact construction 
than has been available heretofore in the 


ratings involved. Exhaustive tests have - 


demonstrated the suitability of the new 
fuse for application on high-capacity systems 
to interrupt the full range of fault currents 
with minimum system disturbance. 


N order to meet the requirements for a 
fuse of small size with current-limiting 
characteristics for connecting light loads 


and small apparatus to high power sys- ° 


tems, a new form of current-limiting fuse 
was developed and announced in 1940. 


Three distinct elements characterized. 


this fuse. \ 


1. Acurrent-limiting fusible element which 


produced a high arc voltage to limit the cur- 


rent. { 


2. A resistor in parallel with the fusible 
element to limit the- voltage to a predeter- 
mined value. 


3. A series fuse to interrupt the power fol- 
lows current through the resistor. 


The fuse proved capable of interrupting 
the highest currents, up to 130,000 am- 
peres at 13,200 volts, without producing 
voltages in excess of 150 per cent of the 


_ peak circuit voltage. 


The excellent service record of fuses 
built with this oes and the inher- 
ently higher interrupting ability of cur- 
rent-limiting fuses, coupled with the ne- 
cessity for limiting the fault current in 


Figure 1 (left). Current-limiting char- 
acteristic curves showing maximum 


peak current permitted by new three- 


available short-circuit current 
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_ limited also increases, thereby nulli 


_ with moderate 


rupting rating. 4 


applications, and to cover continuous cur- 
above five kilovolts to permit tapping 
small loads from high-capacity systems. 
Edison Electric Institute and National 
have adopted recently the “E” rating for 


will carry 100 per cent of rating continu. | 


‘readily that, for “E”-rated’ fuses, the 


element power fuse for all values of 


CURRENT LIMITING FUSE ELEMENT SERIES F SE ELEMENT 


fies ¢ in one ae onside 
desirable limits in current rat ( 
current-limiting fuses, the ° ae c 
tors must be considered: — 
1. The effect of current rating on the « : 
rent-limiting characteristic. As the cu 


rent rating of a current-limiting fu 
creases, the current to which a fault 


beneficial effects of a reer 


above 200 amperes would mM appre : 
only on systems having high values of 
circuit current. 


interrupting capac 
whereas current-limiting fuses for stat 
atxiliaries and similar services are req 
to have high interrupting capacity and 
tively low current ratings. The hea 
current distribution service can be fulfi 
more economically by fuses of lower in 


From a consideration of these factor 
it would seem desirable to extend the n 
current-limiting fuse to cover a continuous 
current rating of 200 amperes for voltages _ 
through five kilovolts for motor-starter_ 


rent ratings of 100 amperes for voltages” 


Electrical Manufacturer’s Association 


power fuses, which specifies that fu a 


ously and melt in exactly five minutes at 
200 to 240 per cent of the rating for fuses 
100 amperes and below and in exactly ten 
minutes at 220 to 264 per cent of 
for fuses above 100 amiperes. It is sé 


proposed ratings cover a wide field - ap- 
plication. i 


Figure 2. Construction of 2.5-ky 200-amper 
_ three-element current-limiting fuse 
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Figure 3. Five-kilovolt 200-ampere fuse unit 
in disconnecting-type mounting __ 


In extending the current range of the 
fuse embodying the new current-limiting 


principles, it was recognized soon t!at. 


the same materials and construction ‘as 
used in the lower ampere ratings could 
not be used without resulting in a fuse 
of prohibitive size and cost. The 2(10- 
ampere rating could not be obtained.in a 
single fuse of reasonable proportions with 
proper current-limiting characteristics 
simply by increasing the number of par- 

- element. 
_ The parallel resistor which diverts cur- 
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| trent from the coerent Wining clean 
required radically different characteris-_ 


tics in order to handle the higher currents 
in a device of reasonable dimensions. The 
absorption of metal vapors from a new 
type of heavier fuse element required a 
novel construction. 

The development of higher current rat- 
ings, therefore, produced problems and 
solutions completely different from those 


~ in the lower current ratings. 


Construction of the New Fuse 


The electrical and physical relationship 
of the three basic elements in the new 
fuse are shown in Figure 2, while the over- 
all appearance of a complete fuse with 
disconnect mounting is shown in Figure 
3. As in the current-limiting fuse for 
lower current ratings announced in 1940, 
the new power fuse comprises a current- 
limiting element shunted by a resistance 
or voltage-limiting element with a series 
“clean-up’’ element. All three of these 


elements are contained in a simple non- 


renewable cartridge that is much smaller 
than existing indoor-type power fuses of 
lower interrupting capacity and smaller- 


than-conventional current-limiting fuses 


of equal rating. The outer casing of 
heavy Micarta tube with spun-on fer- 
rules contains in one end the assembly, 


Figure 4 (left). En- 
larged view with 
melting-time—current 
‘curve of individual 
' current-limiting fuse 
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Figure 5 (right). 


Minimum - melting - 
time-current ‘char- 
acteristics of repre- 
sentative current rat- 
ings of three-element 
power fuse 
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_ This construction is obtained by rolling : 


“ 


conaisthe of the cunt ea tel GRE element _ 


and shunt resistor; immediately adjacent 
is the series- bcllitehten fuse element in its 
boric-acid-lined chamber, which on in- 


_terruption exhausts into the condenser 


in the other end of the casing. 

The heart of the new power fuse is the _ 
current-limiting element which is con- 
tained in a high-strength fibre tube with 
threaded ferrules. The conducting por- 
tion of the current-limiting element con- — 


sists of a plurality of specially rolled sil- 


ver wires supported in a slotted fibre bar. 


_ As shown in Figure 4, each silver wire has _ 


the appearance of a string of sausages. 


a large diameter wire with reduced sec- ; 
tions of approximately one sixth the cross_ a 
section of the main wire, The restric- ‘ 
tions are spaced equally at intervals ~ 

throughout the length of the conductor. — 
The grooves in the fibre support are ap- .— 
proximately twice as deep and slightly _ 
wider than the diameter of the silver con- 
ductor. The conductor wires are placed 
in the bottom of the grooves in intimate ue 
contact with the fibre, except on the open ~ Py 
‘side of the groove. Fibre washers equally — Ry 
spaced on the slotted fibre bar retain the 
conductors in the grooves. The space — 
between the fibre support and the fibre : 
casing is filled with a coarse quartz sand 


of uniform size. any 
J hi, 
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- wound directly onto the fibre shell of the 


_— 


The shunt resistor or voltage-limiting 
element which eliminates high-surge volt- 
ages incident to current limitation is con- 
nected permanently in parallel with the 

-current-limiting element. The resistor 
consists of two insulated resistance wires 


limiter element and connected on each 
_end to the limiter ferrules. The two lay- 
ers of resistance wire are wound in oppo- 
site directions to minimize inductance. 
The special resistance wire is essentially 
nonmagnetic, possesses the virtue of hav- 


ing a moderate positive temperature co-— 


efficient of resistance, and has the proper 
specific resistance for the resistances 
and. sizes needed. 

The melting time-current characteris- 
tics of the fuse, as shown in Figure 5, are 


determined by the calibrated element in 


the boric-acid series fuse. This element 


isa low-temperature type which consists 


of a heater and fusible alloy for long 
melting time characteristics and a re- 
duced fusible section for short melting 
time characteristics. The series-fuse 
member is spring withdrawn through the 
boric-acid-lined interrupting chamber into 
the condenser to insure fast clearing of 
low current faults. The condenser con- 


sists of several layers of coarse-mesh cop- 


per screen which presents the maximum 
surface to condense the steam evolved 
from, the boric acid during interruption. 


_ Theaction of the operating spring mechani- 


cally reléases an indicating target outside 


‘the ferrule. 


Operation 


The magnitude of fault current deter- 
‘mines which of two ways the fuse shall 
operate. On currents of overload mag- 
nitude the series fuse operates in the same 
manner as the totally enclosed boric-acid 

_ power fuse. The blast of steam from the 
boric acid deionizes and extinguishes the 
arc, while the copper screen condenses 
the steam to water. During this process 
the current-limiting elements do not fuse 


es and play no part in the interruption. 


On short-circuit currents where the se- 

- ries fuse element melts in a small fraction 
-of a cycle, the current-limiting element 
' melts almost simultaneously. The fusion 
of the current-limiting element and the 
action of the resultant arcs in the re- 
stricted fibre slots tend to produce an 
are voltage sufficient to prevent further 
increase in the fault current and transfer 
the current to the shunt resistor. In 
order to eliminate high pressures within 
the current-limiting chamber, coarse 
silica sand is used-to condense the metal 
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cent less than the calculated value. 


vapors from the fusible elements and cool 


the fibre gases. 
The resistor in parallel with the cur- 


-rent-limiting element, being noninduc- 


tively wound, will stabilize the voltage 
that occurs during interruption. The 
maximum voltage that can appeal is 
simply the JR (current-resistance) drop 
through the resistor. When the instan- 
taneous peak current permitted by the 
current-limiting element, which can be 
determined from the curve shown in 
Figure 1, is known, a value of resistance 


may be chosen to limit the voltage to any . 


desired figure. It has been determined by 
repeated tests, however, that all of the 
current does not transfer instantaneously 
to the resistor. On high current inter- 
ruptions approximately 25 per cent of the 
peak current will continue to flow through 
the current-limiting element for a short 
time, resulting in a peak voltage 25 per 
In 
addition 10 controlling the voltage surges 
during interruption, the resistor very 
materially reduces the duty on the cur- 
rent-limiting element. The total energy 
absorbed by the current-limiting element 
is less than 15 per cent of the energy that 


it would absorb without the parallel re-_ 
This makes possible a very com- — 


sistor. 
pact current-limiting assembly and is a 
material factor in the small over-all size of 
the complete fuse. 

On the high values of short-circuit cur- 
rents where the series-fuse element melts 
almost simultaneously with the current- 
limiting elements, the series fuse arcs 
throughout the current-limiting action 
and interrupts the resistor current at the 
first current zero. Since this current is 
resistance limited, it is very easily 1 in- 
terrupted. 


The New Fusible Element 


Of particular interest and importance 
is the new current-limiting fusible ele- 


volts, 


peres. 


2.5 KV.RMS. RESTORED 


B , (right). 


— 22000: PEAK AMPERES MAES 


—4450 PEAK V 
DoT ae peres. 
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Figure 6. Magnetic oscillograms of interrupting tests on 2.5-ky 200-ampere cieeceten 
ment current-limiting fuse 


Note higher peak voltage and longer duration of current resulting in more severe duty on 
the asymmetrical test ] 
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‘there have never been any desig: 


-be used conveniently to obtain thes 


A (left). Test voltage 2,500 
Maximum system short- 
circuit current 60,000 rms am- 
Short circuit applied 
to give symmetrical fault 


Test voltage 2,500 
Maximum system short- 
circuit current 80,000 rms am- 
Short circuit applied 
to give a symmetrical fault 


58 E soe 
ment. Although various shapes\and 
of fusible elements have been 
tain different desired che 


tain the peeuliar characteristics 
in a current-limiting fuse, The ele 
shown in Figure 4 has all the 1 
characteristics desired in a fuse for 1 ti 
values in excess of approximately 1 
cycles, and yet for short times of 
than one-quarter cycle, it has a 
fast melting time. This shift in ch 


wires were used. The use of these fusib 
elements makes possible the cool opera 
tion of the high current ratings whe 7 
seatEy ia full-rated current. 


Summary of Tests 


grees of savin as alk as on nae 
low fault currents with various 


the various components of the new 
rent-limiting fuse varies with the 
synchronous ae ee 1t 


various degrees. of asymmetry. The 


maximum a on the current-limiti: ra 


ae. to current tigeitacion eee ee f 4 


sion of the current-limiting element o 
curs at normal voltage peak, since at this 
point the induced voltage due to the 
stored magnetic energy of the system is at 3 
peak value and adds directly to the gen- 
erator wll eras aIving eee 


26 KV.RMS._RESTORED 


~ 29500 PEAK AMPERES 


-5900 PEAK VOLTS 
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‘ruption for high-ampere-capacity fuses. 


7 
~ 5990 PEAK VOLTS 


voltage zero, and these two elements 


carry current until the next voltage zero. 

Consider the case of a high-ampere- 
capacity fuse where an appreciable time 
is required for melting the current-limit- 
ing element. If the fault is initiated at 
zero voltage, the system voltage will be 
‘approaching normal peak value when 
fusion occurs. Since this condition im- 
poses the most severe duty on the limiter, 
it follows that an saviimmeisieed fault rep- 
resents the most difficult problem of inter- 


Figure 8, 


A. Five-kilovolt 200-ampere 


current 90,000 rms amperes 


Figure 7. Cathode-ray oscil- 
logram of voltage during inter- 
tuption by 2.5-kvy 200-ampere 
fuse shown on magnetic oscil- 
logram, Figure 6B 


the fuse. Representative magnetic and 
cathode-ray oscillograms are shown in 
Figures 6 to 8. The magnetic oscillo- 


grams clearly show when current ceases - 


to flow in. the current-limiting element, as 
indicated by the voltage trace changing 


from a high are voltage to the smooth 


sinusoidal form of the generator voltage, 
and the current trace simultaneously 
changing from a rapid decline to a sinu- 
soidal form modified by the increasing 
resistance of the shunt-voltage-limiting 


' fuse. Test voltage 5,000 a haus RESTOR 
volts, available short-circuit Pe Seas ee ea 
current 60,000 rms amperes 
B. 15-kilovolt 25-ampere 
fuse. Test voltage 13,800 a “ 19000 PEAK VOLTS 
volts, available short-circuit [bgeswMiciaic meals 


Magnetic oscillograms of interruptions 


Short circuit applied to give asymmetrical fault 


; 


On low-current fuses, where fusion of the 
current-limiting element occurs in a very 
short time interval, a fault initiated just 
prior to normal voltage peak or a sym- 
metrical short circuit represents the most 
severe duty. Therefore, the degree of 


asymmetry required for the most difficult 


' 
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operation is a variable depending on the 
current rating of the fuse and the magni- 
tude of the available short-circuit cur- 
rent. 


Consequently, all ratings of fuses have » 


been tested at rated voltage with all con- 
ditions of asymmetry on currents of vary- 
ing magnitudes from minimum melting 
-eurrent up to the interrupting rating of 


‘ 


w 


~ 


ss 


element. The cathode-ray oscillograms 
show that the surge voltage accompany- 
ing current limitation does not exceed 
160 per cent of normal system voltage 
on the highest asymmetrical fault cur- 
rents with high-current fuses. This 
combination represents the condition 
under which maximum voltage will be 
obtained. With any other degree of 
asymmetry or lower fault current the 
voltage surge will be less. 

A’ comparison of the magnetic and 


cathode-ray oscillograms shows that a. 


quick response magnetic oscillograph is 
entirely adequate for measuring the volt- 
age phenomena of this fuse. 

The design of current-limiting fusible 
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elements combined with the low-tem- 
perature-type series fuse makes possible 
the highest desirable current rating in a 
single fuse unit. On temperature rise 
tests the 200-ampere fuse carries full 


rated current without exceeding 30 de- 


grees centigrade rise on the ferrules above 
a 40-degree-centigrade ambient tempera- 
ture. 

In addition to interrupting tests on the 


fuse units alone, numerous combination ~ 


tests have been made with new motor — 


starters throughout the entire current 


range from overload currents, which the 


starter interrupts without melting the 


fuse, to the highest values of short-circuit 


current, for which the fuse is designed, in 
which case the fuse interrupts the fault 


with no damage to the starter. A starter 


for such combination service must be de- 


signed for the particular duties involved. _ 


Conclusions 


The current ratings of the three-ele- — 


ment current-limiting fuse have been ex- 
tended by the adoption of new features. 
Of particular importance is the current- 


limiting fusible element that gives a time- _ 
current characteristic particularly suited _ 
The new fea- 


for current-limiting fuses. 
tures combined in a compact structure 
permit current ratings ample to protect _ 
high-voltage motor starters, other types _ 


of apparatus, and small loads connected — 


to high power systems. 
fuse has the desirable qualities of the 


lower-current three-element current-lim- 
iting fuses in that the voltages during in- 
terruption are controlled definitely to 


eliminate harmful overvoltages. 
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Thermal Protection of Transformers 


Under Overload Conditions 


V. M. MONTSINGER 


FELLOW AIEE 


' Synopsis: The overloads recommended in 


the AIEE transformer subcommittee’s re- 
port, “Emergency Operation of Trans-. 
formers,” are based. on considerably higher 
transformer hot-spot temperatures for short- 


time operation than those given in and used — 


to derive the emergency overloads recom- 
mended in the American Standard Guides 
for Operation of Transformers and Regu- 
lators C-57.3. 

Overloads may be obtained in close agree- 


overload curves by the use of a relay which 
is controlled by a specially designed heating 
coil or by a specially designed relay with a 


_ conventional heating coil. Since a relay 
operates at about the same temperature ir- 


respective of time to avoid too high hot- 
spot temperature for ultimate conditions, 
the relay and heating coil must have such 
characteristics as to permit the transformer 


hot-spot temperature to reach considerably 


higher values for short times than for ulti- 
mate steady-state conditions. A detailed 


_, study of this problem has shown that this 


' tay be accomplished satisfactorily by the 


use of a lagged heating coil which has a 


4 
4 


‘. 


ss 
” 


_ former off the circuit. 
__ sketch and photographic prints show the 


relatively large time constant in comparison 
with that of the transformer winding or by 
‘the use of a heating coil, the time constant 
of which is about the same as that of the 
winding for operating a relay that is com- 
- pensated for the changes in ambient tem- 
perature. 


‘This relay which has been Havelonedt can 


_be set to perform three separate functions: 
control fans, give a warning signal, and 
sound an alarm or, if desired, trip the trans- 
A diagrammatic 


' various combinations of bulbs and relays 


te 


available. 


¥ 


It is believed that the relay al- 
_ lows the transformer to be loaded more 
nearly i in agreement with the recommended 
industry loadings than any prcvions avail- 
able device, ; 


HE AIEE transformer 
mittee? has 


subcom- 
recommended higher 


overloads than those given in the ASA 


4 


Guides for operation of transformers. 


' Paper 44-65, recommended by the AIEE committee 


- on electrical machinery for presentation at the AIEE 

winter technical meeting, New York, N. Y., 
January 24-28, 1944. . Manuscript submitted 
‘November 16, 1943; made available for printing 
_ December 27, 1943. 
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These overloads are set up on the assump- 
tion that, under rare emergency condi- 
tions, it is better to use up a small amount 
‘of the expected life of the transformer 
than to have an interruption of service. 
Therefore, as a result of the work of the 
AIEE and the ASA, a demand is de- 


_ veloping for a relay that will close its 
contacts when the limiting load condition — 


is reached. 

Since these emergency overloads are 
based on hot-spot temperatures, the most 
direct way of safely utilizing the extra 
capacity would be to furnish a relay with 


the proper time-temperature character- » 


istics and to operate it from a standard 
artificial hot-spot heater element. While 
it may be possible to design such a relay, 
it does not appear practical, because a 
relay is normally sensitive to tempera- 
ture but not to time when it is longer than 
several minutes; consequently, other 


“means are suggested as follows: 


i Eo operate a fixed temperature relay 


from a lagged heating coil (immersed in the 
cooling fluid),* the time constant of which is 


many times that of the transformer winding, 
so that the relay does not reach its operating 
temperature until the winding temperature 
and load have risen to the desired value. 


sis a operate|a relay having an ambient- 
_ temperature correction from a heating coil 


> 


the time constant of which is the same as 
that of the transformer winding. 


An extensive investigation has shown 
that, in order to obtain satisfactory re- 
sults under all conditions, a part or all of 
the following factors should be taken into 


_ consideration: 


1. Transformer characteristics—hot-spot 
rise, top oil rise, oil time constant, and ratio 
of losses. 


2. Time constant of the heating coil im- 
mersed in the oil, 


' 3. Temperature rise of eotee coil over oil | 


at rated load. 


- 4, Relay operating tet peratates 


5. Effect of ambient Suet are on relay 
operating temperature, 


The purpose of this paper is to show 


' what has been done in meeting the re- 


commended emergency overload curves 
by taking into account the previously 
PRE VIOUBLY 


* The cooling fluid may be mineral oil or any of the 


noninflammable synthetic liquids pctniaesels) de- 
veloped for transformer use. 


load conditions, particularly in low am- 


transformers. 


load current, the temperature rise of the 


f oy eae 
mentioned factors. Binaily | g 
overloads obtained with thermal 


characteristics are pa oe ise 
rare emergency overloads recommenc 


in ‘the ASA Guiigs for operation of tran 
formers, C- 57.3. i 


Denia of Heating Coil to Meet th 
Overload Requirements 


4 / g 

The use of an ordinary hot-spot indi- 
cator and a standard thermostat for 
overload protection is impractical, be- | 
cause the thermostat, operating rela- 
tively quickly at a fixed temperate 
could not distinguish ‘between long _ 
short-time intervals and, hence, wor 
operate too quickly in the ‘short- 
range, or vice versa. 

It is well known that the oil of a se = 
former has a time lag of several hour, 
due to the total heat-storage capacit 
of the transformer, whereas, the time la 
of winding rise over oil is in the order o 
15 to 20 minutes. This means that 
relay operated by oil temperature alone 
would permit excessive winding tem- 
peratures under short-time heavy over- 


bient temperatures. The scheme 
using a thermal relay (immersed in tt 
transformer oil), the temperature rise of 
which is responsive to load current, ha as 
been described? and has been i in use for 
several years for thermal protection 0 


To obtain satisfactory results with a 
scheme employing a relay responsive tc 


relay (or of a heating coil controllin; 
the relay) must be less than the hot-spot 
rise over top oil at rated load, Further- 
more, the relay must be set to close its 
contacts at some temperature above thai 
resulting from 100 per cent ultimate 
conditions in a 30-degree-centigrade am- 
bient temperature. Then on overloads, 
by the time the temperature of the relay 
has reached its tripping point, the hot- 
spot rise will have attained higher values 
for the higher overloads. It is this dif- 
ference in the rate of temperature rise 
that allows the higher hot-spot tempera- 
tures for the short-time overloads. 

However, if the ambient temperature 
changes, this scheme does not give cor- 
rect results in that, if set to allow correct 
short-time loading at the higher am- 
bient nai as it allows too hie 
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correction in the mechanism of a relay 
(mounted on the outside of the trans- 
former), the contacts of which are oper- 
ated by a bulb enclosed in a heating ‘coil 
immersed in the top oil and responsive to 
the load current. On the other hand, if 
the heating coil is suitably designed and 
lagged, the ambient-temperature correc- 
tion can be omitted. By choosing the 
proper temperature rise of the heating | 
coil (either the lagged or unlagged) and 
by selecting the right tripping tem- 
perature of the relay, a wide flexibility is 
secured, thereby enabling one to design a 
protective system to function correctly 
for almost any condition of loading. 


Table I. Comparison of AIEE and ASA Recommended Overloads With Overloads Per-. 


ultimate rise) curves 
for lagged heating 
coil immersed in oil 
of transformer under 
overload conditions 
following full load 


Transformer-oil time 
constant=4.0 hours 


J) 


In connection with the use of a lagged 
heating coil, as long as it was only neces- 
sary to meet the ASA emergency over- 
loads, a small amount of lagging was 
sufficient. However, when the AIEE 
transformer subcommittee set up the 
rare emergency overloads based on con- 
siderably higher short-time hot-spot tem- 
peratures than used in setting up the 
ASA emergency overloads, it became 
necessary to modify the design and 
characteristics of the thermal relay and 
increase the lagging effect to meet the 
new conditions. The time constant of the 
lagged heating coil is now much more than 
that of the transformer winding. 


mitted by the Protective System 


ATEE Emergency ~ 
_ (Times Rated Load) 


Hours By Relay 


ASA Emergency 
(Times Rated Load) 


Recommended 
by ASA 


Recommended 


by AIEE* By Relay 


Self-Cooled / 
Following full-load 30-degree ambient _ 
MPMUDOTACULE s/o cscs) to aiels eels cp evelaid nese 


Following full-load zero-degree am- 
bient temperature....- Nea tele iate. <p hadnt oe 


Following no-load 30-degree ambient 
temperature. ....---+++-eeeeeee yer 


- 


Following no-load zero-degree ambient 
Pemperatire.. . i.e ses cs ene sec enes 


Forced-Air-Cooled } 
Following full-load 30-degree ambient 


temperature. .......cccecccsnreescees py eae Ik. 
} ; ere i 
AE oso We 
Diet Maree 1 
a gia 2) 

Following full-load zero-degree ambient 
Metemperature.). (5.04... ee dees oot DAL ae ete nly 
: : cbeel Ad ile 
Aa beso {Dis 
Pe ox 
r Maa 2. 


es 


A ik ae 
+15 
2 
3 
A 
4 
45 
5 
6 
a 
-10 
.25 
35 
.50 
.60 
4 
255 
65 
8 
9 
Mk Oe tes ae LDS ds pleases PUD Pen eink s 1.46 
LPAI B caw pT) eee DGD ereiereia esis 1.53 
8 See. jarstayireda’ TSS Gales apsietes 1.6 
D4 he eh ag 1.93 LAG: aiate sity 1.738 
T3i) Pad STE G Rein 1 BSmies tad ;1.86 
94.. 1.755. UR ea neaacs 1.685 
he os 1.885. MS 2c ca sels # 1.755 
UY fe = Ze OZDe a sistant Cal he a sett og 1.825 
Dike Tare. Severs iNLBO Ags» :< cies Ziel Ai als wats 1.95 
50. . DROOD eae es Dish sieNie sis! eke 2.085 


* The maximum load recommended is two times rated load. For forced-air-cooled rating the maximum 


load recommended is 2.66 times the self-cooled rating, 
Aprit 1944, VoLumE 63 
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Figure 1. Depres- 
- sion (degrees below 


The problem of calculating the tem- 
perature rise of the heating coil (over top 
oil) to obtain the right time constant 
under the new condition was found to 
be very complicated. Tests have shown 
that, for a transformer winding or a heat- 
ing coil with no special lagging, the ulti- 
mate rise is reached, in approximately 
the same time (15 to 20 minutes), 
whether the oil temperature is constant — 
or is increasing. However, when a. 
heating coil is lagged, so that it reaches 
ultimate rise in a given time in oil at a 
constant temperature, it requires a much 
longer time to reachits ultimaterise when 
immersed in oil, the temperature of which 
is increasing. Theoretically, its rise does 
not become constant so long as the tem- 
\perature of the oil is increasing, but it — 
becomes practically constant in eight 
to ten hours, as illustrated by the ‘‘de- 


h 


' pression curves’ (degrees centigrade be- 


low ultimate rise), calculated by equation 
2 and shown in Figure 1. ; 

The transient temperature rise of this 
lagged heating coil can not be calculated 


by an equation of the form usually used? _ 


for determining the hot-spot rise of a ; 
transformer over the oil, that is 


“ef 
: 4 
6=6,(1—e7 zB) (1) ae 
but an entirely different formula* must 
be used, namely ad 


pagel ees ) 5) 
u Bo— FB, bu 


where 


@=temperature rise of heating coil over oil, 
degrees centigrade ‘ 
6,=ultimate temperature rise of heating 
coil over oil, degrees centigrade . 
F=factor allowing for the effect of dis- — 
tributed thermal capacitance of the 
lagged heating coil : ; . 
B,=time constant of heating coil 
Bo=time constant of transformer oil ‘ 
¢, =ultimate temperature of transformer oil 
above the starting temperature, de- 
grees centigrade 
| e=2.718 
T=time 


: a 
i ae 


, 

- Many heat runs ranging in time from — 
one to eight hours’ duration were made 
on a 2,500-kva transformer with heat- 
ing coils having different lagging, to 
check equation 2 and to obtain sufficient 
empirical data on factor F for design 
purposes. 

The fortunate phenomenon, whereby 
a rising oil temperature gave the heating 
coil an unexpected long time lag, helped 
to make it possible to design a thermal — 
protective scheme to meet the wide vari- 
ety of requirements, In order to take 


’ 


* See appendix for derivation. 
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RELAY 


BULB 


rigurd 2. Six combinations of bulbs and re- 


lays available for thermal protection of trans- 


formers: 


Pole 


required. 
meet almost any requirement. 


x 


~ full advantage of this time lag, however, 
the temperature rise of the heating coil — 


over oil at rated load (since its time 
constant is affected by the time constant 
of the transformer under overload condi- 
tions) and the temperature at which it 


~ operates the relay must be selected on 
the basis of the individual transformer ' 


characteristics and the kinds of overloads 
Its flexibility enables one to 


e _ Factors Affecting and Calculation of 


Transformer Temperature Rises 


Some of the more important factors 


that determine short-time overloads are 


the oil time constant and hot-spot rise 
over top oil. Self-cooled oil time con- 
stants ranging from three to five hours 
were chosen as representative for most 
transformers. A survey of many recent 
designs for medium-size power trans- 
formers shows that the average time 
constant is approximately four, extreme 
limits being as low as three and as high 
as seven. For the forced-air-cooled oil- 
immersed ratings (1.33 times the self- 
cooled rating) the time constant is, of 
course, less, since the oil rise is much less 
for a given loss. Two thirds of the self- 
cooled oil time constant was used in cal- 
culating the forced-air-cooled loadings. 

As pointed out in the paper by Mont- 
singer and Ketchum,’ the hot-spot rise 
over average winding rise in most modern 
transformers ranges from five to ten 
degrees centigrade, and for this reason it 
is believed that a hot-spot rise of 62 
degrees centigrade (55+7) represents 
the average condition. This value is 
used later. 

A formula of the general form of 
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equation 1 should be used to calculate 
the oil rise before conditions become con- 
stant. Equation 2 should be used to 
calculate the temperature rise of a lagged | 
heating coil over the increasing oil tem- 
perature. The temperature rise of the 
heating coil (at rated load) and the relay- 
closing temperature should be selected 


RELAYS 
Figure. 3. Hastie 
coil and relays 


_ CURRENT TRANSFORMER TERMINALS 


to give the best performance, since these 
must apply to and satisfy more than one 
operating condition. 


Comparison of ASA and AIEE 
~Recommended Emergency - 
Overloads With Those Permitted 
by the Protective System 


For comparison of ASA and AIEE over- i: 


loads with those permitted by the pro- 
tective system described herein, a trans- 
former having average characteristics 
was chosen, as follows: 


62- degree-centigrade hot-spot rise Ae 


ambient temperature. 


48-degree-centigrade top oil rise over am- 


bient temperature. 

3:1 loss ratio at self-cooled rating. 

4,0-hour time constant at self-cooled rating. 
Forced-air-cooled rating of 1.33 times self- 
cooled rating. 


‘Table I shows how well the recom- 
mended overloads can be followed with 
the new protective system. For the ASA 
emergency loads the hot-spot tempera- 
tures are below 105,* 110,* 113, 115,* and 
120 degrees centigrade for 24, 8, 4, 2, 


and 1 hours, respectively, in 28 out of 
-30 conditions shown in Table I. The two 


cases are: 4 degrees high for 8 hours 
and 8 degrees high for 24 hours. Both 
cases follow full load in 30 degrees am- 
bient temperature for forced-air-cooled 
conditions. No comparison of loads is 
shown for forced-air-cooled rating follow- 
ing no load, because this is a condition 
that is not very likely to occur. 

For the AIEE emergency loads the nat. 
spot temperatures are below the recom- 
mended values for the short times but 
above the recommended values in all 
cases for 24 hours, and in some cases for 


Ss 
* Recommended by American Standard C-57.3 sec- 
tion 11. 002 (G)3 
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the relay for 8 and 24 hours) ap 
mately the same hot-spot tempera 
as against a difference of 10 degrees 
grade in the recommended values of 


centigrade for 24 hours. Both the 
hour loads and hot-spot values may 


sufficiently to produce a 24-hour tem: 
ture lag, but this is not ordinarily p 


S 


It seems reasonable to assume that, it 
most emergencies, lasting 24 hours x) 
more, the daily peak load would not 
on more than eight hours. Furthermore 
as these overloads are intended for 
emergency conditions, once a year ¢ 
often (once in 16 years, as estimat 
L. W. Clark’s paper),4 the amou 
aging at somewhat higher than recom 
mended values for the full 24 hours shoul 
be acceptable. . 
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For transformers having character- 
stics quite different from the aforemen- 
ioned, it will be necessary, of course, to 
ise a different tripping temperature for 
he relay and perhaps a different Benne. 
oil rise at rated load. 

Where the load permitted for one or 


wo hours is above the maximum load 


ecommended by AIEE (two times 
ated load), and it is desirable to limit 
she maximum load to this value, other 
means, stich as overload current relays, 
must be arranged to come into action 
when the maximum desirable load is 
xxceeded. For forced-air cooling two 
ames rated load corresponds to 2. 66 times 
the self-cooled rating. 

In general, when the wide range of 
yperating conditions covered is con- 
sidered, the overloads line up remarkably 
well with the recommended values, in 
act, far better than appedred possible 
when the problem was attacked first. 
if the planned conservatism of the ASA 
mid AIEE recommendations is con- 
idered, the values given seem to be suit- 
able for operation, but it is a simple 
matter to design for slightly lower loads 
hroughout if desired. 

. Good restilts can be obtained also by 
ising a conventional heating coil with a 
‘lay designed to close its contacts at 
ower temperatures in lower ambients. 


Pr 
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Figure 4. View of 


and relays 


Relay 


In its simplest form the relay includes a 
bulb heated by a coil and a metallic 
bellows which operates a switch. The 


bulb and the bellows are connected 


through a capillary tube, and the as- 
sembly constitutes a closed system which 
is filled with a volatile liquid. The 
pressure of vaporization of the fluid is 
communicated to the bellows and thence 
to the switch, ~ 


Relay Requirements and Functions 


“The practical application of a relay 


and its heating coil to transformers having 
a wide variety of thermal character- 
istics and load cycle requirements re- 
quires certain variable features: 


1. The relay contacts must be capable of 
being set to close over a temperature range 
of 90 to 130 degrees centigrade. 


2. Means must be provided for selecting 
different temperature rises of the heating 


- coil at rated load. 


If a compromise relay setting and tem- 


perature rise of heating coil were used, 
some transformers would be overloaded 
excessively before the. relay came into 
action, whereas, others would be loaded 
far below permissible values. 


Figure 5. View of 

three relays assem- 

bled on plate of 
container 
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bulb, capillary tube, 


The new relay combination will per- 
form three separate functions: 


1. Control the fans used for supplementary 
cooling. 


2. Give a warning signal when an overload 
has been on the permissible length of time. 


3. Give an alarm or, if preferred, trip the 


transformer off the circuit when the loads — 


exceed specified limits. 


The relay can be supplied for all three 
of the previously mentioned functions or, 
if fans are not used, with only the signal 
and alarm circuits. The contacts are 
standard switches operated by vapor- 
tension-type bulb and _ bellows. 
bulbs are located in the heating coil and 
the bellows and switches conveniently 
located external to the transformer. 


_ Relay and Bulb Combinations 


Six combinations of bulbs and bellows, 
Figure 2, are available. Figure 3 shows a 
sketch of the heating coil and connec- 
tions to relays. Figure 4 shows bulb, 
capillary tube, and three relays. Figure 


_5 shows three relays" ‘assembled on pee 


of container. 
The combinations shown in Figure 2 
will take care of all requirements for 


either single-phase (with two or three 
windings) or three-phase transformers, — 


that is, one bulb with one bellows will 


‘perform one function (turn on fans) on 


either a’ single-phase or three-phase unit. 
One bulb with three bellows will per- 
form all three functions on a single- 


phase unit, or if desired it will perform 


the three functions on a three-phase unit 
satisfactorily if the load is balanced. 
Three bulbs with one bellows will per- 


form either one of the three functions on 


each phase of a three-phase unit or on 
each of three windings of a single- 
phase unit. 
bellows will perform the three functions 
on a three-phase unit with unbalanced 
loads or on a single-phase unit with 
three windings. 

When three bulbs are used (with 
either one or three bellows), one in each 
phase of .a three-phase unit or one in 
each of three windings of a single-phase 
unit, if the load is unbalanced the bellows 


The 


Three bulbs with three 


are controlled by the temperature in the _ 


phase or winding having the greatest 
load. This is a new feature used for the 
first time with bellows, although it has 
been used successfully for several years 
in controlling three-element hot-spot 
temperature indicators for oo 
transformers. 

These six combinations, therefore, make 
it possible to obtain practically ideal pro- 
tection under expected load conditions. 
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Life Test for Accuracy and — a) 
Reliability 


To determine its accuracy in repeated 
operations one of the relays was given a 
life test in which approximately 6,000 op- 
erations were performed. The maximum 


- variation was in the order of 0.5 degrees 
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centigrade. These tests indicate that 
the relay has unquestionable reliability. 


Means for Checking the Performance , 


of the Relays in the Field 


No matter how reliable a device is, it 


is sometimes desirable to make calibra- 


tion tests in the field to be absolutely 
sure that it is in working order, and to 
accomplish this the relay is provided with 
auxiliary means to heat the relay under 
conditions simulating actual operative 
temperatures. 


i Application of Relay to Transformers 


_ Several transformers have been and 
are now being equipped with these new 
heating coils and relays. The data ob- 


tained on the short-time overloads, made 


on a self-cooled single-phase transformer 


‘ (rated H-60 cycles, 1,250 kva, 69,000 to. 


7,500/12,975Y volts) equipped with the 

new protective system, checked the pre- 
vious tests made to determine the char- 
" acteristics of the heating coil. 


I 

an Appendix 
o ‘Transient Thermal Performance of 
4 Transformer-Overload Heating Coil 
_ The transient thermal performance of the 


| 
(: 


heating coil for the transformer overload 
relay is quite similar to that of a transformer 
- winding, since it is immersed in heated oil 
‘and develops an internal temperature rise 


~, over oil which must be added to the oil 


temperature to obtain the temperature of 
the heating coil. In, calculating the tran- 
sient thermal performance of a transformer 
winding, it is usually possible to neglect the 
effect of the rate of change of oil tempera- 
ture on the temperature rise of the winding 
above the oil becatse of the relatively low 
thermal time constant involved in the trans- 
fer of heat from a transformer winding to 
the oil. For a heating coil having a con- 
siderably greater thermal time constant than 
anormal transformer winding, in calculating 
the transient thermal performance of the 
overload relay it is necessary to consider the 
influence of the rate of change of oil tem- 
perature upon the temperature rise of the 
heating coil over oil. This factor causes the 
temperature of the heating coil to be some- 
what lower during short-time overloads 

. than it would be otherwise and is the pri- 
mary reason why a heating coil of this nature 
is so well suited to the control of short-time 
overloads. 
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The heating coil includes an assembly’ con-_ 


taining a loss-producing element and a tem- 
perature-seusitive element and having ther- 
mal capacitance. This assembly is sur- 
rounded by thermal insulation which also 
has distributed thermal capacitance. It 
will be assumed that the heating coil can 


be represented thermally by a suitable value - 


of thermal capacitance and a suitable value 
of thermal resistance without distributed 
capacitance. From this assumption it fol- 
lows that the heating coil will have a thermal 
time constant which can be determined 
readily as the preduct of the thermal ca- 
pacitance and the thermal resistance. 


mined by making a heat run on the heating 
coil immersed in oil of constant tempera- 
ture, with constant loss generated in the 
heating coil, and with the heating coil 


starting at the temperature of the oil. © 
Under these circumstances the time constant 


can be determined as the length of time re- 
quired to reach ultimate heating-coil rise 
over oil if the initial rate of rise were main- 


tained or as the length of time required to 


reach 63.0 per cent of ultimate heating-coil 
rise over oil. 


Development of Formula for Calculat- 
ing the Transient Temperature Rise 
of a Heating Coil Over Top Oil 
When the Oil Tester? Is In- 
creasing 


Key To SYMBOLS 


@=temperature rise in degrees centigrade 
of heating coil over oil at any time, T 


6,=ultimate temperature rise in degrees — 
centigrade of heating coil over oil for ' 


the overload under consideration = 
RXP . re 
6 =temperature rise in degrees centigrade 
of heating coil over oil at start of over- 
load 
B,=time constant of heating coil in minutes 
=RXC 
C=thermal capacity of eee, eee in 
watts—minutes per degree centigrade 
R=thermal resistivity of heating coil in 
degrees centigrade per watt 
$,=ultimate temperature rise in degrees 
centigrade of transformer oil for the 
overload under consideration over the 
temperature at start of overload — 
Bo=time constant of transformer oil in 
minutes 
P=watts generated in relay during over- 
load 
T =time in minutes 
e=2.718 
F=factor allowing for effect of distributed 
thermal capacity of the heating coil 
K=constant of integration 


_ The watts loss generated in the heating 
coil must equal the’sum of the watts ab- 


sorbed and the watts transferred to the oil. © 


When the oil temperature is rising the watts 
absorbed by the heating coil consist of two 
components: 


1. Watts required to raise the temperature 
at the same rate as the oil temperature. 
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The © 
thermal time constant also can be deter- 


nential transient of relatively high d 


count of the thermal time constant of { 


‘ing a correction factor F in equation 5 wi 


‘can be neglected. 


_ pages 504-09, 


' 126-32, 


2. Watts absorbed because of it i 
rise over the oil temperature. 


These relations can be expressed a 
lows: 


i Peay ea 
U6 Chal ae ae 
¢ le ey ) 


If both sides are multiplied by R 
6, is substituted for RP and B, for RC 


Solving fofé., 2 eee 4 
UE Meaiae Ba “) | 

= Be 'e Bo) (& 

6=0,+K\ e ! Cae ee 


perature rise over oil which will be rea 
if the overload is maintained until condi 
are constant. The second term is an e 


long time transient which represents | 
amount by which the temperature rise of the 
heating coil is depressed in rising oil on ac- 


heating coil. - 

In order to apply equation 5 toa heat 
coil with distributed thermal capacity, i 
necessary to determine. a thermal time c 
stant which can be used to represent t 
performance of the relay. Such a time c 
stant can be approximated closely by me 
uring the time constant by one of the us sual 
methods previously outlined, and by in 


obtain 


( _t 
6 =1.+K(c i) - 


with equation 6. 
When T =60 or greater, the term K iG , 
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The PAceluacy of Measurements in 


Piped R-C Cable Circuits as Used 
in the Study of Transient Heat Flow 


VICTOR PASCHKIS 


NONMEMBER AIEE 


ynopsis: This paper deals with certain 
spects of the accuracy of measurements on 
, lumped R-C cable, and contains definite 
uggestions as to the desirable number of 
umps to be used in such measurements. 
Phe effect of capacitive leakage and the in- 
luence of sectioning (that is, the influence 
f the number of lumps) are considered in 
heir relation to the accuracy of meastire- 
nents of potential and current. ; 

The i increasing importance of lumped R-C 
‘ireuits in heat-transfer research is pointed 
mut, and the analogy between the flow of 
lectricity in such circuits and the flow of 
heat, particularly unsteady-state or tran- 
sient heat flow, is treated. 

The investigations described in this report 
were carried out at Columbia University on 
the heat and mass flow analyzer, which is 
essentially an R-C circuit. The results can 
be used in the appraisal of errors en- 
countered in heat flow and similar problems 
solved by the analogy method, hat is, ss. by 
lumped R-C circuits. © 


I. Introduction 

SP HE conditions in lumped circuits of 
B this type have been investigated. 
previously.1 However, these earlier in- 
vestigations were based mainly on the 
assumption of ideal capacitors, that is, 
capacitors which do not leak. Such ca- 
pacitors are not available. Actual experi-. 
ments must always be carried out with 


capacitors which do leak; therefore an _ 


investigation of the errors caused by 
leaking capacitors is appropriate and 
should prove useful to the electrical engi- 
neer, because of the importance of net- 
work problems in general. 


fBiiyer 44-55, recommended by the AIEE committee 
on instruments and measurements for presentation 


at the AIEE winter technical meeting, New York, — 
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MICHAEL P. HEISLER 


‘NONMEMBER AIEE 


Lumped R-C circuits have gained con- 
siderable importance in connection with 
the study of transient-heat-flow prob- 
lems. The equations for potential and 
current distribution in a lumped R-C 
circuit on the terminals of which a volt- 
age is suddenly impressed are identical 
with those for temperature rise and heat 
flow in a tod with insulated sides, the 
ends of which are suddenly exposed to a 
temperature difference. This analogy 
is the basis for a method of investigating 


-transient-heat-flow problems, a method 


which has in recent years found increas- 
ing application. In fact, the investiga- 
tions presented in this paper were 


prompted by the desire to know more — 


about the accuracy of such a circuit in 


connection with the application to heat- 


transfer problems. Although in a num- 
ber of instances it is possible to compare 
the results thus obtained with direct 
thermal measurements or mathematical 


analysis (see Figure 5 in reference 2, 


Figures 2 and 4 in reference 6, and Figure 


6 in reference 5), in the majority of cases. 
-no direct comparison is possible. 
‘no systematical analysis of the sources 


So far 


of error in this method has been under- 
taken. This paper presents a first step 
toward such an analysis. 

The application of R-C circuits to 
analyzing unsteady-state or transient- 
heat-flow problems has been discussed 
in a previous paper? by one of the authors. 
For the use of such circuits, which are 
the basis of the analogy method—de- 
vised first in Europe by C. L. Beuken? 
—he has developed a tool known as the 
“heat and mass flow analyzer.” The 
analyzer, made possible largely through 
grants from the Research Corporation, 
has been set up at Columbia University, 
department of mechanical engineering. 


: Table | 


Thermal Unit Equivalent Electrical Unit 


Temperature difference....... Voltage 

RCat LOWaie o.cfue siva sicinvin's =< 3" Electric current 
Thermal resistivity........... Electric resistivity 
Thermal capacity......... .- Electric capacitance 
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_ Since the’ laboratory was first opened in 


1940, it has been used extensively for the 
investigation of heat-transfer problems 


_ too difficult to be solved mathematically. 


A number of these investigations have 
been published.‘—9 ‘ 
The analogy method is based on two 


principles, namely: 


uP The mathematical identity of equa- 
tions for heat flow and certain electric cir- 


cuits, igi fee 


2. The replacing of a circuit with evenly ; 


distributed properties by one with juste 
eS 


The first et which is exact, states 
oa the mathematical equations for tran- 
sient heat flow and for electric resistance— 
capacitance circuits are identical; hence, by 


solving an equivalent electrical problem the — 


answer.to the thermal problem may be ob- 


tained. The solution of the electrical dif- 


ferential equation can be made identical to 


that of the heat equation by making the © 


proper insertion of equivalent elecisicat 
units as in Table I. ; 


2. The second principle, which is an ap-— 


proximation, is that of replacing a differ- 
ential equation by an equation of finite 
differences.. In the analogy, this means 


that a body with evenly distributed resist-— 
ance and capacitance is replaced by a body — 
with “lumped” resistance and “lumped” — 


‘capacitance. This procedure is common 
practice in certain fields of electrical ener 


neering. 


The study of any thermal problem 


by means of the analogy method con- 
sists of the following steps: 


Setting up the analogous condition (cal- 
ies 


2. Building a resistance-capacitance cir- 


‘cuit to represent the heat problem. 


3. Subjecting this circuit to the appropri- 
ate analogous initial conditions (applying a 


' given voltage at one end of the circuit, which 


is equivalent to exposure to a given tem- 
perature; or applying a current correspond- 
ing to a certain heat flow into a body, and” 
so forth). 


4, Measuring electrical ciitscaggiede and 


nae 


currents—at points in the circuit analogous | 


‘to those points at which temperatures and 
heat flow are to be measured in the body 
being subjected to heat flow. 


5. Converting the results of the electric 
investigation into heat units (calculation). 


A large variety of problems may be- 
solved by the analogy method. The con- | 


ditions for accuracy are different in each 
case. The voltage applied, the currents 
flowing, the duration of the experiment, 


the length of exposure of various parts 


of the circuit to higher voltages, even the 
atmospheric conditions in the laboratory 
—all influence the results. 

For the investigation a particular type 
of problem was chosen, a type which may 
be considered as basic to the method in 
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‘ 


y 


vil, 


% rate 
general. This problem can be stated as 
follows: “An R-C circuit, initially at 
zero potential, is suddenly exposed to a 


potential difference, both ends of the _ 


circuit being connected to the supply 
system by noncapacitive resistances.” 
In thermal terms this problem may be 
expressed as follows: ‘‘A wall, initially 
at zero temperature, 
posed on one surface to a finite higher 
value of temperature, while the ambient 
facing the other surface is held at the 
initial temperature. What is the tem- 
peraturetime history at various points 
in the wall?’ This problem is distin- 
guished by the fact that no part of the 
circuit remains for long times at elevated 


Figure 1. 


$Fe Figure 1a. 


potentials, and that the potential at the 
ends of the circuit remains constant. 
There are important thermal problems 


‘the analogous circuits of which do not 


show these conditions. 

In the following presentation electrical 
units will be used; reference to equiva- 
lent heat units will be added as necessary. 


Sources of Inaccuracy 


In any type of problem to be solved on 
the analyzer, three sources of inaccuracy 


occur. They are listed here briefly, and 


the two which are inherent to the method 
are discussed individually in parts III 
and IV, as indicated in the list: a 


1 Inaccuracy due to leakage and stray 
currents (part III). 


2. Inaccuracy due to lumping (part IV). 


8. Inaccuracy in the infstruments and in 
providing the given initial conditions. 


The third group of inaccuracies is of 
course not inherent to this type of cir- 
cuit. Neither, as far as the thermal as- 
pect is concerned, is it inherent to the 
analogy method because the same type of 
errors would occur in measurements made 
and instruments used in direct thermal 


' measurements. The objective error of 


the electric instruments used in the 


analyzer is between 0.3 and 0.5 per cent — 


of the full-scale reading; the propor- 
tional error is therefore larger if the in- 
struments are used on the lower part of 
their scales. In. order to safeguard 
accuracy all, measuring instruments in 
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is suddenly ex-— 


the equipment’ have several ranges. 
Thus the instruments can be used largely 


in the upper part of the scale, where the 


percentage error is smaller. 
In addition to the objective errors there 
ate those subjective ones due to inac- 


curate reading. The danger from this 


type of inaccuracy is of course increased 
by the fact that transients are to be 
observed, and therefore observations 
must be made while the needles-of the 
instruments are moving more or less 
swiftly. 

Finally, if changing initial conditions 
at the surface have to be represented— 
for instance, change of heat flow or 
temperature—the 


- 
e 


Equivalent circuit of a capacitor 


C—Capacitance 
R-—Leakage resistance 


Re 


Equivalent circuit of a capacitor 


Capacitance replaced by a variable resistance, 
to be changed according to voltage change of 
capacitance 


of the power supply to this condition may 


catise additional inaccuracies. 


i 


TI. Inaccuracy Due to Leakage 
“and Stray Currents 


Two causes of inaccuracy have to be 


considered here: leakage in the capaci- 
tors and stray or leakage current in 


manual adjustment 


~ 


_ state potential. 
age through the capacitor is with 


the insulating parts of the circuit. It - 


will be shown later that the two causes 
can be considered together. 
they will be discussed separately. 


1. CAPACITIVE LEAKAGE 


‘The capacitors which are used for rep- 
resenting the thermal capacity draw a 
leakage current after being loaded and, if 
left undisturbed, gradually discharge 
through their leakage resistance. 
capacitors were ‘‘ideal,”’ they would draw 
no leakage current after being charged 
and would keep their charge indefinitely. 
In order to determine the inaccuracies 
introduced by the use of actual capac- 
itors, a series of tests was conducted in 
which the results obtained from circuits 
with “ideal” capacitors were compared 
with the results from circuits with actual 
capacitors. 


It is hard to obtain capacitors with 


specified leakage, and impossible to obtain 
ideal capacitors. Therefore, the capaci- 
tor, which has an equivalent circuit shown 
in Figure 1, is replaced by two parallel 
resistors, shown in the equivalent cir- 
cuit, Figure la. The variable resistor 
represents the capacitance. At time 


If the © 


But first 


‘becomes evident that the rel 


very high, can be neglected. As loa . 
: ditties the ape resistance 2 


capacitance ee in circuit Figure Sar ee 


te Es a ( 
zero the Hae is zero and “gradu 
increases to infinity when the re 


zero. When Figure la is con 


portance of the leakage changes 


compared with hia’ very me resis sista 
the parallel leakage resistance, whic 


Figure 2. Equivalent circuit of a cable or 
semi-infinite wall 
C—Capaeltance 
R,—Useful resistance per lump. 
R—Total useful resistance 


; E—Over-all voltage + 


sistance increases. ; 
From these considerations it beco. 
evident that it is sufficient to investi 
the steady state, that is, the condit 
with capacitors loaded to their stead 
If in this case the 1 


tolerable limits, then it is even mo 
within these limits while the capacito 
at a lower voltage and Meet Fy a heavie | 
current. 
Figure 2 shows the hoe of circut 
which is to be investigated. R, are the 
“useful” resistors, C the capacitors. It 
tail ee 

' Ru Ru! iw wi 


PaEEEEA 


state 


R,—Resistances equivalent to the leakage « fF 
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E—Over-all voltage 7 


capacitors 
Ry—Usetul resistance per lump 
R—Total resistance — 
;—Current with leaking capacitors 
E;—Voltage with leaking capacitors 


_Nonleakit t 


Circuit diagram. 
capacitors—steady state 
E, R, Ry—Same meaning as in Figure 3 


Figure 4. 


E, Gas with nonleaking “ideal” 


~ Io —Current capacitors 


= 


—— % . “ . ; 
4 4 t 


S assumed that all sections are equal.’ 3 and JI, the current obtained with the 
_ same voltage in the circuit of Figure 4. 


This circuit is represented in steady 
state by the circuit (Figure 3) for actual— 
leaking—capacitors and by the circuit 
(Figure 4) for ideal—nonleaking—capaci- 
tors. 

As mentioned previously, the investi- 
gations are carried out by comparing the 
results from the circuit shown in Figure 3 
with those from the circuit shown in 
Figure 4. Two quantities are of interest 
in the investigations covered by this 
paper: voltage and current. On the 
electric analyzer these represent tempera- 
tures and rate of heat flow. 


ASE-E 
1.5 - 


1.4 


L3 


CURRENT RATIO= Zt a 


° 


Figure 5. 


Current ratio, J,/I,, plotted as 

function of the resistance ratio, R./R,. The 

numbers on the curves (14, 9, 5) indicate the 
number of sections involved 


1;—Current with leakage (Figure 3) 
/,—Current with no leakage (Figure 4) 
R,—Leakage resistance of capacitance 

_ R,—Useful resistance per lump , 


Let the insulation characteristic of the 
capacitor be expressed by 7. In symbols 
this would be written as r=R,C. 1, 
which is called the capacitive time con- 
stant, has the dimensions of time; thus, 
if R, is given in megohms and C in micro- 
farads, 7 will be in seconds. 

_ The leakage resistance, R,, of any ca- 
pacitor can be expressed by: 


R, =r/C megohms (1) 


‘For capacitors of equal quality, the 


larger the capacitor the smaller will be its. 


leakage resistance. 

_ The product R,C for each section is 
the section time constant. Let this time 
constant be JZ. Then 


: . 
T=R,C (2) 
me by comparing equation 1 with equa- 
tion 2 it can be seen that R,/R, and there- 


fore I,/I, and E,/E, do not depend on the 
value of C. Thus: ; 


4/T=R,C/RyC=R/Ru @) 


Let L 1 be the current obtained for 
any given voltage in the circuit of Figure 


— 
a 
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The ratio J,/I, of the two currents is plot- 


_ tedin Figure 5. This ratio depends on the 


relative value of R, and R, and on the 
number of sections. R,/R, is shown on 
the abscissa. Three curves are plotted; 
these are marked 14, 9, and 5, indicating 
the number of sections to which the curve 
refers. The larger the number of sec- 
tions, the greater will be the current 
ratio J;/I, and the more inaccurate will 
the method become. As R,/R, increases, 
the ratio I,/I, decreases and approaches 
unity as R,/R, approaches infinity. 


Example: Let the capacitor time constant 


7 =50,000 megohms X uf (=50,000 seconds). | 


Let each section have a resistance R, of 
0.9 megohm and a capacitance of 55.5yf. 
Section time constant T is T=0.9X55.5= 
50 megohmsXuf=50 seconds 7/T= 
50,000/50=1,000. The current ratio I,/I, 
for 14 sections is then 1.055 (from Figure 5). 
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‘ at 
Figure 6. Voltage ratio, E,/E,, plotted 
against fractional resistance 


(€=0.5 is, for example, the center of the 
resistance.) 14 sections. The figures on the 
curves (10%; 0.5103, and so forth) indicate 
the resistance ratio, R,/R,. The xs show 
points taken with nonuniform subdivision 


In Figure 6 the voltages, Fy, and E, 


of the same circuits are compared. The’ 


ratio of these voltages is different at 
various distances from the beginning of 
the circuits. On the abscissa:the fraction 


of the total resistance R is plotted (see 


Figure 2). For example, €=0.5 indi- 
cates the center of the total resistance. 
On the ordinate the voltage ratio, 
E,/E, is plotted. E,/E, is the ratio of 
the voltage obtained at any one point 
from circuit Figure 4 to that obtained at 
the same point from circuit Figure 3. 
The total number of sections was 14. 
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The various curves refer to different 
resistance ratios R,/Ry. 

Figures 7 and 8 are similar to Figure 
6 with the difference that in Figure 7 
the total number of sections was nine and, 
in Figure 8, the total number of sections 
was five. 

The same results are obtained in any 
experiments of this type (with ideal 
equipment) as long as T’ remains un- 
changed (see equation 2). The same 
results are obtained with large capacitors 
and small resistors as with small capaci- 
tors and large resistors. Equation 3 
shows that the introduction of capacitor 
leakage does not modify this statement. 
Even with leaking capacitors the same 
accuracy or, of course, the same error, bet 
is reached with any value of T, inde- 
pendent of the distribution of T between 
resistance and capacitance. From this 


viewpoint, it becomes obvious that it is 
desirable to work with as few sections as 
possible, as may also be found qualita- 
tively from consideration of the circuit 
of Figure 3. ; 
It may be noted here that the require- ~ 
ments resulting from the investigations of 


; Figure 7. Voltage ratio, Ez/E>, against 


fractional resistance 


(For example, €=0.5 is the center of the 

resistance.) Nine sections. The figures on 

the curves (103, 0.510%, and so forth) indi- — 
cate the resistance ratio, R./Ry 


/ 


part IV are in the opposite direction, 
calling for many sections. 


2. EguipMentT LeaKaGE (OTHER THAN | 
CAPACITIVE LEAKAGE) a 


So far it has been assumed that the 
equipment other than capacitors is free 
from leakage. Figure 9 shows part of the 


TRANSACTIONS 167 


VOLTAGE RATIO 


Figure 8.- 


1.00 
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0.94 


fractional resistance 


(For example, £=0.5 is the center of the re- 
sistance.) ‘Five sections. The figures on the 
curves (103, 0.510%, and so forth) indicate 
the resistance ratio, Re/Ry 


| 
\ ¢ 


~ laboratory equipment. It is obvious that 
many leaks do occur—for example, i in the. 
insulating panels on which the resistors 
are mounted, or in the busses which are 
used to connect various parts of the 


equipment. Although special care has 
been taken in the design to get as small 


a leakage as possible, the leakage current ' 
- still is finite. 


In this equipment, two 


‘types of undesired currents are flowing. 
One, which might be called leakage, is a 
current flowing from any given point in 
the equipment to ground. The other is 
stray current flowing from one part of the ~ 
equipment to another part which is at a 
different potential. 
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Voltage ratio, E,/E,, against 


{ 
1" 
‘ 
r 
4 


The leakage current in the insulating 


part may be thought of as an additional 


current in the capacitor. The equipment 
leakage (not capacitor leakage) in each 
section may ‘be thought of as being re- 
placed by one Jeakage resistor Rp which 
is paralle) to the leakage resistor R, of 
the capacitor. The equivalent total 
leakage resistance per section Rz is to be 
found from 1/R,=1/R,+1/Rs (see Figure 
10). 


The value of Rg changes with tempera- — 


ture and atmospheric conditions. In 


dry conditions, and, with all sections 


connected, it amounts on the Columbia 
analyzer to approximately 150 megohms. 


Rz is of course independent of the capaci- 


tance and also of the time constant 7 
of the section, Therefore equation 3 does 
not hold if equipment leakage is to be 


considered. It makes considerable differ- 


ence how T—R,C—is divided between 
capacitance C and resistance R,. The 
influence of Rg on Ry, is smaller if R, is 
smaller; moreover small R, means, with 


- unchanged value of T, smaller values of 


R,. Therefore, fromthe standpoint of 
leakage, it is desirable to work with as 
high a capacitance, and consequently 
as low a resistance, as possible. 


. Example: 
3,000 megohms; 14 sections, 


Tablé Tl shows: the values of R,/R, 
and of I,/I, for various possible combina- 
tions of R, and C which yield the same 
T(=60).. 

Fortunately the stray currents from 
one section of the circuit to another are so 


\ ‘ 


Figure 9. General view of the electrical ap 


paratus used in solving problems in three- 
dimensional heat flow by electrical analogy 


Power photo 
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“small that ieey can be ee 


_ R,' would result with R,’/<R,. Tf 


Let T=60; +=50,000; R= 


tors and leaking boards 


i —Useful resistance 
R,—Leakage resistance of capecitgiels 
Ry—Leakage resistance of board 

E—Over-all voltage 


| 
If ty would be ee the (oleae 


shunt for resistor pe A dota ee: 


other conditions are unchanged, 
‘ratio R,’/R, would increase. Howe 
the circuits of Figures 5 to 8 would not 
apply, because they aré based on the 
assumption that R, has the correct 
value, while under consideration < 
stray currénts R,’ ‘would be smal 
than the correct value of R, A number 
of graphs would have to be determined, 
each holding for one ratio of Ry/ Ree 
So far it has been assumed that all 
sections are of equal resistance. Tn 
thermal problem this would mean i 
all sections are of equal thickness. It. 
of course possible to make nonuniform 
lumps. If, for example, a circuit wi 


to hate 12 lumps, each with a resistanie 
of 0.12 megohm (one inch thick), or 
make the first three or four lumps with 
resistance of only 0.06 megohm ea 
(one half inch thick) and increase th 
resistance (thickness) of the others ac 
cordingly, so as to again cover the entire 
resistance (thickness) of 1.2 megohms ¢ 2 
inches). Any other distribution wou! 
also be ‘possible. One case was 
vestigated: that of three small sectio 
at the beginning of the circuit and t 
large sections at the end of the circu 
Each of the three small sections at 1 
beginning of the circuit has one thir 
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Figure 11. Voltage (temperature) rise in’ the 
circuit (wall) _ 


Relative film resistance m,=2, me=1. The 
figures on the curves indicate the dimension-, 
less time, t/RC, 


the resistance and one third of the capaci- 
tance of the later sections. (The one- 
third resistance and capacitance corre- 
spond to one-third section thickness.) 
The results were compared with those of 
a uniform circuit of the same time con- , 
stant. Two cases wereinvestigated: one 
for R,/R,=100, the other for R,/R,=250. 
(R,/R, referring in both cases to one 
fump in the uniformly subdivided cir- 
cuit.) The ratios I,/I, for evenly dis- 


tributed sections were 1.49 (R,/R,=100) _ 


and 1.22 (R,/R,=250), respectively; the 
cotresponding values for uneven lumps 
or sections were 1.48 and 1.21, respec- 
tively. The measured points for the 
temperatures are indicated in Figure 6 
(by x). | | 
All the circuits shown so far have been 
based on the assumption of zero film 
tesistance on both the hot and cold sur- 


faces. In this connection a word of © 


explanation is necessary. The heat 
exchange between a hot surface and the 


cooler ambient is generally character-- 


ized by a ‘“‘film conductance” value (ex- 
pressed, for example, in Btu per hour, | 
square foot, degrees Fahrenheit). The 
underlying concept is that the heat ex- 
change, following Newton’s law, is pro- 
portional to the temperature difference 
between the surface and the surrounding. 
Although in many instances this propor- 

tionality does not exist, the introduction 
of a film conductance value is helpful. 
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In electrical terms, film conductance is 
represented by a noncapacitive resistance 
at the end of the circuit. Circuits having 


zero film resistances were chosen because | 
they illustrate the worst possible condi- 


tions for accuracy. If the film resistances 
are not zero, then additional resistors 
have to be added: one on the ‘“‘hot end”’ 
of the circuit, representing the film re- 
sistance of the hot surface, and one on the 
“cold end’ of the circuit, representing the 
film resistance of the cold surface. If 
such additional resistances were applied, 
the voltage drop in that part of the circuit 
which represents the wall would be only a 
part of the total voltage drop. As a 
result, the ratio of the current with 
capacitors to that without capacitors 
would become smaller. 
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_ IV. Inaccuracy Due to Lumping 


de Concerr 


One could conceive as a theoretical 
limit of an equipment without any leak- 
age, either in the capacitors or in the 
panels. None of the errors discussed’ in 
part IIT would occur, and yet the equip- 
ment would yield only approximate 
answers because of the errors due to. 
lumping. 

The selection of a finite number of 


lumps or sections instead of an infinite 
number is, mathematically speaking, 


equivalent to replacing a differential 
equation by an equation of finite differ- 
ences. The main points of interest in 


= this connection are the voltages, corre- 
-sponding to the temperatures during the 
gradual heating up. In steady state the 


voltage-space distribution is theoretically 
a straight line; the actually measured — 
points all fall on this line, independent 


of the number of sections used. During 


the heating-up period, however, more or 
less important discrepancies between the 
theoretical result and that obtained with — 


- only a few sections will occur. ¢ 
In order to investigate the influence of 
. the number of sections on the accuracy— __ 
from the viewpoint of “lumping’—it is 


necessary to know the theoretical curves 
of temperature rise. Such cutvesarenot 
yet available; therefore, the curves ob- “1 
tained from tests r= which 12 sections 4s 


Figure 12. Voltage deeraisecinirey rise in the 7 ; 
circuit (wall) vf 
Relative film resistance m,=2, m.=1. The y 


Boures on the curves indicate the dimensionless ; 
time, t/RC, 
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were used were considered to be suf- 
ficiently close to the theoretical value. 
This assumption is upheld by past experi- 
ments and also by the fact that no 


_ measured differences were observed be- 


tween the curves taken with 15 and those 
with 12 lumps. 


\ 


2. PROCEDURE 


_« The procedure for determining the in- 
the 


fluence of sectioning was as follows: 


‘ 


-sionless units. 


as in Figure 6. The thermal parallel is, 
of course, fractional thickness and frac- 
tional temperature. Values of time as 
well as of resistance are plotted in dimen- 
The dimensionless unit 
for time is {/RC, and that for resistance or 
depth is £=r/R=x/L. Here ¢ indicates 
the time in seconds after start of the 
experiment; R (as in part III) the total 
resistance in megohms; 
capacitance in ee r, in meg-. 
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4 Figure 13. Voltage Renee) tise in the 


circuit (wall) 


Relative film resistance m,=m,=0. The 


figures on the curves indicate the dimensionless 
time, t/RC, 


voltage rise at various points in the cit- 
cuit—equivalent to a temperature rise at 


_ yarious depths in the wall—were meas- 


ured, using in consecutive experiments 

different number of Jumps. The volt- 
ages obtained for any given point in the 
circuit—depth in the wall—and at any 
given time, using small numbers of 


lumps, were then compared with the 


voltage for the same space, position, and 
time obtained with 12 lumps. © 
Figures 11 to 14 show the results of these 


_ experiments. The ratios of the voltages 


measured at various points in the circuit 
to the impressed voltage are plotted 
against the fraction of the total resistance, 
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ohms, the resistance at the point in 
question; x, in feet, its distance from the 
hot surface; and L, in feet, the thick- 
ness of the wall. (It should be noted that 
on these charts, total resistance and total 
capacitance are used, whereas in part III 
the resistance and capacitance per section 
were used.) The lines between the 
measured temperatures are drawn 
straight. On the plots shown measured 
temperatures are connected by straight 
lines, because in the case of only a few 
sections the proper rounding of the curves 
might be somewhat uncertain. It should 
be noted, however, that the straight Jines - 


_tend to accentuate differences between 


the various curves. 


8. Frm ConDUCTANCE | 


It was mentioned previously that in 
thermal problems “surface film con- 
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- ductances,” which are represer 
electrical problem by resistances 
capacitance, have to be introdu ed. 


is the case and that worst con 


C, the total 


| thermal resistance of the wall. I 


tween hot and cold surface of the p 
- is at any time so small that the number 


In fact measurable differences occur o nl 


(temperature) differences occur wi 
the circuit. Even for values of m in 


_ paring Figures 11 and 12 with Figures 10 


«tween the curves for few sections and 


eas ee soe 
= : ‘he ys 
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appeared probable that the surfac 
conductance would have some infl 
on the errors caused by lumping. 
liminary investigation proved tha 


prevail for zero film resistance on 
the hot and the cold surfaces. Th 
resistance in this connection is be 
pressed in dimensionless units by 
paring the film resistance (1/h) wi 


electrical analogy the resistance re 
senting the film (1/h) is to be compa 
with the total resistance R of the circ 
The ratio of film-resistance to wall 
sistance is called the relative film 
sistance m. Symbolically, this is 
pressed by m=1/hR, where Wh i is 
verted to ohmic units. 

In extreme cases the wall can be 
metal with high thermal conducti 
and the ambient can be still air. 
such cases the value of m can rise q 
high, say to more than 1,000.. With so 
high an m the temperature difference 


sections used has no measurable influence ‘a 


at fairly low values of m. There a 
series of tests was run, gradually - 
creasing the values of m, that is, 
creasing the hot- and cold-surface r 
tive film resistances. It was found 
beyond m,=6 no appreciable vol 


order of magnitude of two the differences” 
are not large. This can be seen by com 


and 14, Figures 11 and 12 refer to My=: 2, 
m,=1, while Figures 13 and 14 refer to 
m,=m,=0. q 

In Figures 11 and 13 the results for 3 
two and three sections are compared with 
those for 12 sections (12 sections bein J 
assumed to be identical with the theo- 
retical curve). In Figures 12 and 14 
the results for four and five sections are 
compared with those for 12 sections. 

By comparing the group of curves for 
t/RC,=0.100 (Figure 13) with those for 
t/RC,=0.1026 (Figures 13, 14) it be- 
comes evident that the difference be- 


those for 12 sections is smaller for 
large values of m. A number of experi- 
ments. have been carried out using 
different combinations for m, and m,. 
For space economy, these cannot he 


that the differences between “many” 


‘reproduced here. It is sufficient to " 
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and ‘“‘few’’ lumps were consistently 


smaller for large m’s than for m,=m,=0. 


Generally speaking, m, is of smaller 
influence than mp. 


4. CONCLUSIONS 


1. Two or three lumps are not sufficient to 
Tepresent a problem except for very approxi- 


mate solutions or for values of t/RC;, at or 
fear the steady state. 
or near-steady-state t/RC; would be small 
for low m’s in comparison with steady-state 
t/RC, for large m’s. ; 


Aprit 1944, VOLUME 63 


4 


The steady-state 


areas oe 


af A 


Ps) 


He Ped Aare apd 


Figure 14. .Voltage (temperature) rise in the 
circuit (wall) 


Relative film resistance m,=m,=0. The 


’ figures on the curves indicate the dimensionless 


time, t/RC, 


2. Five lumps give very good results ex- 
cept for relatively small values of ¢/RC;. 


3. In general a small number of lumps is 
sufficient if voltages (temperatures) at 
greater distance from beginning of the cir- 
cuit (the hot surface) and at later times after 
start (that is, at higher values of t/RC;) are 
necessary. 
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V. General Conclusions 


2 


In order to counteract the inaccuracies 
due to leakage, a small number of lumps 
is desirable. In order to counteract in- 
accuracies due to Jumping, a large num- 
ber of lumps is desirable. A practical 
medium is between six and nine lumps; 
then none of the influences become large. 

The selection of nonuniform sections or 
lumps does not seem to influence the 
accuracy. Lumps can therefore be made 
so as to give a great number of readings 
in that part of the body to be investi- 
gated which is of greatest interest. 

The preceding considerations hold only 
for the problem mentioned. Conditions 
may change in different types of prob- 
lems, either adding resistors and capaci- 
tors to simulate two-dimensional heat 
flow, or in problems where parts of the 
circuits are kept at elevated voltages for 
some time. 
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Transactions — 


A Design Method 


M. |. BEERS 


ASSOCIATE AIEE 


NTEREST in d-c machines in many 
phases of the war effort prompts the 


writers to present a method of design 


which has been found to be very useful 
and time saving. The method makes 
use of fundamental relationships in some- 
what different forms and approaches the 
design from a different viewpoint than is 
ordinarily the case. The procedure has 
been in use for some time in the design of 
low-voltage aircraft motors and normal- 
voltage integral horsepower motors and 


generators. Comparative design and test 


results have shown good agreement. 
The most common type of design prob- 
lem is one which makes use of standard 


i mechanical parts from which the required 
performance is realized by proper pro-_ 


portioning of the windings. Even though» f 
the rating required is a rather unusual 


one, it is rarely economically feasible to 
“make a complete new design, mechani- 

cally and electrically Or, if a new me- 
chanical design is made, future require? 

~ ments will make it necessary to use the 
‘same frame for other ratings. 


If the mechanical design is fixed, di- 
mensional details of the magnetic circuit 
(with the possible exception of stacking) 
are known, and the magnetization curve 


_ and rotational losses become known or 


can be calculated by conventional meth- 
ods. 

While the design method is aevelspetl 
and illustrated herewith for a series motor 
with commutating poles, the principles 
are applicable and can be extended easily 


to include shunt and compound ma- 


chines, 


Design Considerations 


In the conventional design of a d-c 
motor, when’ the magnetization curve is 
given, the usual procedure is to select an 


operating point on the curve, thereby 


- fixing the flux. On assuming a value of 


generated voltage, it is then possible to 


calculate the number of series conductors 


required in the armature winding. In 
order to check the performance of the 
machine, it is necessary to make a further 


assumption of armature current; this in © 


_ reality involves an assumption of machine 


efficiency. As will be demonstrated 
later, the selection of an operating point 
on the magnetization curve fixed the ratio 
of field ampere-turns to armature ampere- 
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ee D-C Machines | 


J. H. KARR 


ASSOCIATE AIEE 


} 
i 


turns per pole. It is a well-known fact 
that this ratio has an impoitant bearing 
on commutation, iron losses, and distri- 
bution of copper losses, hence, heating in - 
the field and armature. Thus, it is pro- 
posed to select this ratio at the outset, 
thereby fixing the operating point on the 
magnetization curve for a given full- 
load output (see Appendix I). At the 


‘same time the selection of a ratio of field- 


to-armature ampere-turns establishes the 
series-field turns per pole in terms of the 
armature turns per coil. The commu- 
tating-pole turns per pole also can be 
written in terms of armature turns per 
coil. Expressions for these winding ra- 
tios F, and F,,, respectively, are de- 
veloped in Appendix II. 

In a d-c motor the applied voltage 
minus the brush-contact drop must be 
balanced by the generated voltage plus 
the voltage drop in the series windings 
and armature. Thus 


V—Ver=E+I,R, (1) 
The generated voltage is 
2¢PS, rpm pre gins: 
= 
separa @) 


This is the usual form of the voltage 
equation, except that the total number of 
armature conductors has been replaced by 
its equivalent in terms of armature turns 
per coil (T) and commutator segments - 
(S,). As indicated in equation 2, £ is de- 
pendent only on T, since the flux is al- 
ready determined by selection of the op- 
erating point on the magnetization curve 
as discussed previously. 
The series voltage drop is 


IgRy=Iq(Ro+Rr+Rep) (3) 


. It is shown in Appendix III that the ar- 


mature resistance (R,) is a function of 
T? and that, when making use of the 
winding ratios, F, and F,,, the resist- 
ances of the series-field and commutating- 
pole windings are also functions of Te 
Equation 3 then can be written. 


IgRp=LofoT? 


=(IgT1,)T 


_| Wr 
-| ee jer - 
=CroT ° (4) 


C becomes known upon selection of the 
operating point on the magnetization « 
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, Appendix I. 


_ lar frame in question or have been ca 


Payee 44-63, recommennen by the AIEE. commi 
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It is now apparent that equation 1 
the values for Z and T,R, from equati 
2 and 4 substituted, can be solved be 


Thus 
_V-Var 
Rees a 
Also, if the winding ratios are used 

number of series-field turns per 

F,,T and the number of commu’ 

pole turns per coil is FT. Sine 

useful copper areas for each field 
ing and the armature are also knov 
ductor sizes can be determined. 
thermore, the armature as 
ea eas as 


=C/T 


lated. Details of. calculation es 
Lie sea in bh oe gave: 


the design eaten iat deted mina- 
tion of bene soe. and Pili 


Boogie aipetseae no new funda 


in such a way as to insure their ultis 
realization in the performance of tl 
machine. In addition, calculated p 
formance will be in general in muc 


re 


is the case in conventional methods, 


Determination of : 
Operating Point on Magne- 
tization Curve” 


from test of previous Spay: in ene pane 


lated by conventional methods. - 
The power developed in the armature 
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le machine is EJ, and must equal the 


ower ‘output (W) wii the rotational loss 
RL). The latter includes core losses as 
vell as friction and windage and stray 


oad loss. Thus 

W' =W+RL=El, (7) 

ut | 
_¢@PZrpm . 
-5x60%108 (8) 

hence ' y 

, oP rpm ZI 

© axX60X0® = 

The armature ampere-turns per pole, 


(NI)q, are equal to ZI,/2aP. Equation 9 
then may be written hy 


oP? rpm 


W777" 
-" 3X10° 


Po (ND (10) 
It is desired to use the ratio of field 
ampere-turns to armature ampere-turns per 
pole, y, as a starting point in the design. 
Hence, if (NI), in equation 10 is replaced 
by y/(NJ)r and if terms are rearranged 


uy Wy. ts 
o( NI) rp =——X— Sass 
ol; )r Bete A (11) 


A ‘Thus, the operating point on the mag- 


hetization curve is fixed by the output of the 
machine, speed, number of poles, and the 
ampere-turn ratio. The choice of a suitable 
value for y for a given design will depend 
on the type of machine and the application. 
The range is usually from 0.6 for series ma- 
chines to 1.25 for shunt machines. A good 
average value for shunt or compound ma- 
chines with commutating poles is 1.0. 

_ Every point on the magnetization curve 
corresponds to a certain value of ¢X(NI)r. 


A particular value is required to meet the 


tating requirements. One obvious method 
for determining the operating point would 
be to plot a curve of A=¢(NI)p7 versus 
(NI)r and read from this curve the value of 


(NI); for the particular value of A which is 


required. In obtaining such a curve, the 
full-load magnetization curve should be 
used. 

The flux per pole (¢) i in equation 11 is the 
full-load value and will be less than that 
obtained from the no-load curve for given 
field excitation due to the demagnetizing 
effects of armature reaction. If the brushes 
are shifted from the no-load neutral, the 
direct demagnetizing ampere-turns of the 
armature are - 


(waa Se 


12 
90 Fy (12) 


e. D 
(N1)am= 55 


Various methods are available for deter- 
mining the demagnetizing effect of the cross- 


’ 


magnetizing ampere-turns, most of which > 


are quite tedious to apply and not well 
adapted for use in a design method such as 


this. For small machines, a simple expres- 
sion 

7 1.1 (NI)? 

(V1)aon= 55, 7 (13) 


has been found to give quite satisfactory 
results. If equations 12 and 13 and the no- 
load magnetization curve are used, it is 
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Figure 1. 


(a). 


Possible to construct full-load magnetiza-— 
tion curves for any given values of @ and y. 
However, as illustrated later in the sample | 


design, there is little need for obtaining the 
full-load curve, since the required point on 
the curve can be calculated rather easily. 


Appendix II. Winding Ratios, 
Fy and Fwe 


The winding ratios Fj, and Fie are de- 
fined as the ratios of series-field turns per 
pole to armature turns per coil and commu- 
tating-pole turns per pole to armature turns 
pet coil, respectively. Thus, Fy is equal to 
N;/T and Fye is equal to Ng/T. An 
expression for F,, can be found in terms of 
known quantities from the definition of y 
as 


2) a Nrlg_aP Ne 
(gis Slee (14) © 
2aP 
or +h 
N 7S. 
a 7) ap 4 (15) 


In a similar manner, F,,, is found to be 
(16) 


Where o is the ratio of commutating-pole 
ampere-turns per pole to armature ampere- 


° 200 400 600 800 
FIELD AMPERE-TURNS PER POLE 


{000 1200 


Magnetization and rotational-loss 
curves 


turns per pole. A common value for o is 


about 1.25. 


Appendix Ill. Peciencesnin 
Terms of | 


Armature resistance, Rg. 


The usual expression for the resistance of 
the armature at 25 degrees centigrade, in 
terms of resistivity, number of series con- 
ductors, and cross-section area of each, is 


_?: 0.880/,2 
~ CMa? 
If Z is written in terms of T and the 


number of commutator segments, and the 
area of each conductor is replaced by the 


(17) 
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useful slot area divided by the number of 
conductors per slot, equation 17 becomes 


_0.880/a(25,T) -|2 5215.2 : 

a MONARO ——— |T? ohm 
S:CMoq 4: S,CM qa? An 
25.7 (18) 


- 


(b). 


The series-field resistance at 25 degrees 
centigrade is 


0.88017 NrP 
CMe ohms 


Series-field resistance, Rp. 


Ry= 


Again the area of each conductor is replaced 
by an expression involving the useful copper 


area for the field winding, and F,T is 
substituted for Np. Then 
R _0.880/rP (FT) 
ne CMasi ior 
0.8801 rP F,,? \ 
=| ————_ |72'ohm ; 20 
| CMsr | ses on 
(c). Commutating-pole-winding resistance, — 
Rep. F p 


The resistance ae the commutating-pole 
windings at 25 degrees centigrade is 
0.880) .pNepP 
pee ae eS 


irae ie (21) 


When similar substitutions are madé to 
those suggested in b, equation 19 becomes 


880] op P Fine? 
Ran|° nis i 


The summation of equations 18, 20, and 


(19) - 


(22) 


22 is the total series-winding resistance of the — 


machine at 25 degrees centigrade, Ro. 
Hence 


Ro=RatRrt Rep 
(2 0.880) nF Fa 
~ LS:CMyga?" CM pg 
2 SlePela*| 
| Cli, | ies 
=1T? (24) 


In using equation 24 a correction factor for — 


temperature should be applied, since the 
expression as given is at 25 degrees centi- 
grade. 


Numerical Example 


— 


If the basic equations derived in the fore- _ 


going discussion are used, the details of a 
typical design will be illustrated. It is re- 
quired to determine the winding and full- 
load performance for a 250-volt 2.0-horse- 
power 1,800-rpm d-c series motor in a stand- 
ard National Electrical Manufacturer’s 
Association frame 224, 

The/necessary mechanical details for the 
design, taken from previous designs in the 
same frame, are as follows: 


‘Number of main poles (P) =2 


Number of commutating poles (P,) =1 

Mean length of turn in main field (Jr) =18.0 
inches 

Available copper area per coil in main field 
(CM gr) _ 1,400,000 

Mean length of turn in commutating-pole 
winding (/,)) =11.5 inches 
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- Available copper area per coil in commu- 


tating-pole winding (CM,,.)= Sn oe 
circular mils. 

Number of armature slots (S;) =29 

Number of commutator segments (S;) = 58 

Mean length of armature conductor (J;) = = 
8.50 inches 

Availablecopperareaper slot CM;,=100,000 
circular mils 3 


The open-circuit magnetization curve and 
rotational-loss data for this particular 
frame are given in Figure 1. 

From the rotational-loss curve, a pre- 
liminary estimate of ‘rotational loss for this 
motor is made as 130 watts. The output is 
2.0 horsepower or 1,492 watts. Thus, when 
equation 7 is used 


=W+RL=1,492+ 130 =1,622 watts 


Next, a suitable value of the ampere-turn 
tatio (y) is chosen as 0:87. Then, if equa- 


tion 11 is used 


Ana —xEx3 x10" 


P?2 


of 0.87_ 
—x3x 10° 
=7,800% Paoen 


=0.588X109=$X(NI)r 


If the material following equation 11 is 


_kept in mind, the full-load flux per pole (¢) 
and fullload ampere-turns per pole in the - 
' field (VI)p can be determined now. The 


 full-load magnetization curve will be some- 


‘what below that shown in Figure 1 and 


approximately 1,100 ampere-turns will be 
required to produce a flux per pole of 520,000 
lines. The product of these two figures j is 
essentially the required value of A. 

To determine demagnetizing ampere- 
turns it is necessary to consider only the 
demagnetizing effect of the cross-armature 


__ ampere-turns, since the angle of brush shift @ 


is zeto. Thus, from equation 138 the de- 
magnetizing ampere-turns per pole are 
1.1 X (1,100)?/0.87 X10~4 or 153. Subtract- 
ing this from the original value of (NJ)p 
gives 950 ampere-turns, and the correspond- 


ing value of flux from the magnetization 


curve is 495,000. But 1,100495,000 does 


not eqtial 0.588 10°, and it is apparent that — 


_(NI)r must be increased. Let the gross 
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field ampere-turns be 1,170. Then the 
demagnetizing ampere-turns are 160, the 
net field excitation is 1,010 and the flux is 
503,000. The product of 1,170 and 503,000 
gives the required value for A. Thus, the 
full-load operating point on the magnetiza- 
tion curve has been fixed. Now the pre- 
liminary estimate of rotational loss can be 
revised on the basis of a more accurate 
knowledge of the field ampere-turns, and 
the aforementioned process can be repeated 
if more accuracy is desired. 

The foregoing procedure for determining 
the full-load flux and field excitation at 
first may seem rather complicated and time 
consuming. However, it has been found that 


after a little practice the operation becomes. 


very simple and fast. . 
The next step is to calculate the winding 
ratios Fi, and Fy, from equations 15 and 16 


Se 0.87X58 
so a ————— os 12,6 
Fo aP 2x2 


I= 


oS, 1. 25x68: 


Fi ote OP Oe t 5 


The resistance mer Y) can be determined 


now from equation 23 . 


3.5pS2  0.88lrP Fy? , 0.880 lepPcFuc? 
0 '5,CMaa?' - CM sp CMe 
3.52% 8.5X (58) 2 
~~ 39 100,000 X4 
0.88% 182 (12.6)? 
1,400,000 
0.88X11.5X1X (18.1)? _ 9 y 593 
1,000,000 


For an average operating temperature of 
65 degrees centigrade 7, is 0.018. _ 
The constants B and C are calculated 


from equations 2 and 4.' Thus | 


_26PSe tpm a 


~ a@X60X108 © 
_2X503,000X2X 581,800 _ 4. Ps 
e, 2x60 108 ; 
and, - 
de 
_(ND)r _ 1,170 ay 
fi, 126. 


The required number of armature turns 
per coil is obtained from equation 5. A 
brush-contact drop of two volts is assumed 


250—2 


~ B+Cr, ae 5+93X0.018 — 


The atmature current can be calculated now 
from ‘equation 6. 


riC= 93 
rT 37 =7.15 amperes 


The number of field turns and commutating- 
pole turns per pole is obtained by multi- 


plying Fy, and Fives respectively, by T. 
Thus ; 
| Ne=FyT=12.6X13=164 
and 
Nep= Fine I =18.1 X18 =235 | 


The required conductor size in the arma- 
ture winding is obtained from the useful 
slot area and the number of conductors per 
slot 


CMagX Ss; 100,000«29 
CM, = — 
PSs le 2X58X13 
/ =1,925 circular mils 


This wire size is between numbers 17 and 
18 (American wire gauge), and a choice 
must be made between reducing the number 
of turns slightly and using number 17 or 
using number 18 and not filling the slot. 
Here the former choice is made. Thus, a 
12!/.-turn winding using number 17 wire 
(2,048 circular mils) is adopted. The cor- 
rected number of armature conductors is 


Z=2S,T =2X58X 12.5 =1,450 


Since the value of T was reduced. neh, 
the series-field turns must be reduced also 
if the assumed value of y is to be main- 
tained. However, this will result in some- 
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_ Then 


giving an equivalent conductor of 7,: 50 


_ing resistances are calculated | in the u 


Rep(hot) =1.15X0.431 =0.49 ohm 


; and the total series resistance isis 


’ suming a brush-contact drop of two volts 


* 
5 i 


o Yo 


fd fo 


Thus, apart Pare are Ne “aid 
of which the former will be used,’ 


Np=12.6X 12.5 =160 an 
and } 
Nop =18.1X12.5 = 225 


The conductor size for the series fie 
CM gp divided by Ny and is equal to 1 
oe 160 or 8,750 circular mils. 

Use three number 16 wires in 


cular mils. For the commutating a 


@ 


r~.) 
PER CENT EFFICIENCY 


to) 


£07 SSyeeer ies “00 
OUTPUT — HORSEPOWER 


‘ 
ees!) 
a 


220 turns of two number 16 wires equiv: 
to 5,166 circular’ mils. 4 

In order to check the motor perform: 
using the aforementioned winding, the win ‘ 


manner 
p= 0:88 baz Ve _0.88%8.5%1,450 
aero A 4X2,048 


_=1.325 ohms at 25 degrees centigrade | 
Ra(hot) =1.15X 1.325 =1.52 ohms 
0.881pNyP _0.88X18X160X2 


a Clg _ 7,750 
=0.645 ohm at 25 degrees centigrade — 


Rp(hot) =1.15X0.645=0.75 ohm 
_0.88lepNepPe _0.88X11.5X220%1 


CM, 5,166 { 
=0. 431 ohm at 25 degrees centigrade 


ig 


Ry = 


R,(hot) = = Ra(hot) + Rr (hot) -+Rep(hot) 
= 2.76 ohms . 


aa 


For full-load armature current mak 7.15 
amperes, the I,R, drop is 19.7 volts. 


the generated voltage is 228.3 volts. 

At this point the field ampere-turns, arma 
ture ampere-turns, and their ratio can be 
calculated and the full-load flux can be 


checked before determining the speed 
Riise ian wags 


(NIr=IgNr =7.15X160=1, 143, 


1,450X7.15 
( fait fe = "1 297 
Tee 2xax2 | 


Inverter Action on Reversing of 
Thyratron Motor Control 


H. L. PALMER 


ASSOCIATE AIEE 


synopsis: Thyratron control of d-c motors 
fiers a fast and smooth braking or reversal 
vhich is finding wider application in industry 
is the characteristics become better known. 

With proper control the rectifier circuit, 
which normally supplies power to the arma- 
ure of the motor, can be operated as an 
nverter to decelerate the motor by regen- 
rating the rotational energy of the motor 
ind its load into the a-c system. The circuit 
then shifts to rectifier operation to accelerate 
he motor and load to the preset speed in 
he reverse direction. 

The motor-armature current can be held 
very nearly constant over the full reversal 
yperation of deceleration and acceleration at 
1 value which can be made less than the 
‘ated motor current: Test results and 
sheory show that the motor’s inherent re- 
actance is sufficient for inverter operation, 
und, that during normal inversion, commu- 
tation of the tubes is not difficult. 

In addition, inversion can be utilized to 
bring the motor to a stop more efficiently 
than by plugging and more rapidly and 
efficiently than by dynamic braking. 


GREAT many of the mechanized 
operationscarried onin theindustrial 
field call for a reversal of the mechanism 


2 (NDe 
(NI)a 
Demagnetizing ampere-turns .- - 


(1, = 


=0.881 


(NT) aem=1.1X Ist ey =163 


and the net field aie retnrns, (NI)'p are 
980. 

The full-load flux, ¢, is 500,000 lines per 
pole (from curve Figure 1). 
age equation is used, the speed is 


_Eax60X108 _ 228 X 2X60 X 108 
ZP 1,450 2X 500,000 
= 1,885 


Note that the speed is somewhat higher 
than originally assumed, since the 121/,- 
turn armature winding was used instead of 
the 13- turn winding. 

The power developed in the armature is 
EJ, or 1,633 watts, and, from Figure 1, the 
rotational loss is approximately 145 watts. 
The motor output is then 1,488 watts, the 
mput is 1,788 watts, and the efficiency is 
83 per cent. 

Test results on a motor using the afore- 
mentioned winding design are shown in 
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by its motive power which is commonly 
anelectric motor. In nearly all cases this 
reversal must not impose a severe strain 


on the mechanism nor demand an ex- 


cessive overload from the power lines. In 
many of these reversing drives, particu- 
larly where they are of a cyclic nature, 
the reversal time is lost time and must be 
kept to a minimum consistent with the 
rating of the motor. Many of these 
drives call for the flexibility of the d-c 
motor. The d-c motors are supplied 
commonly from either a d-c shop bus or 
a motor generator set. However, an 
increasing number of d-c-motor applica- 
tions are using the thyratron-tube recti- 
fier to give a wide range of control, in- 
cluding a fast and smooth reversal. 


The motor in a Ward Leonard drive is. 


Paper 44-18, recommended by the AIEE com- 
mittees on electrical machinery and industrial power 
applications for presentation at the AIEE winter 
technical meeting, New York, N. Y., January 24-28, 
1944; Manuscript submitted Woyeniber 1, 1948; 
made available for printing December 17, 1943. 


H. L. Paver and H. H. Leren are in the industrial- 
control-engineering department, General Electric 
Company, Schenectady, N. Y. 


Figure 2. The full-load current was 7.18 
_ amperes, and the efficiency was 82.5 per cent. - 


The calculated rpm was slightly high, as the 
test shows 1,870 rpm. 

Although the winding details as ore 
previously are complete, it is usually desir- 
able to check on -the distribution of copper 
losses, current density in brushes, flux densi- 
ties in various parts of the magnetic circuit, 
and reactance voltage of commutation. 


List of Symbols 


a=parallel paths in armature windings 
CM,q=circular mils per slot in armature 
CM,,=circular mils per coil in commuta- 
ting winding 
CMgy=circular mils per coil in series-field 
winding 
E=generated voltage in armature wind- 
ing ; 
F,)=winding ratio (for motor) 
Fy,=winding ratio for commutating 
poles / 
JI,=armature current, amperes 
Iy=field current, amperes 
Jz=mean length of armature conductor 
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suddenly into the 


reversed by reversing the generator volt- 
age and the current in the loop circuit. 
The thyratron-tube rectifier operating a 
motor in some respect is comparable with 
the Ward Leonard drive, but it has at 
least one important difference. The recti- 
fier, unlike the generator, is a unidirec- 
tional conductor. It will conduct cur- 
rent in only one direction. Therefore, if 
the rectifier output voltage is reduced, 


the generated voltage of the motor 


cannot reverse the current through 
the circuit. Since the current through 
the motor-armature circuit must be re- 
versed to reverse the direction of . the 
motor torque, the armature connections 
must be reversed mechanically with re- 
spect to the tube circuit. To reverse 
connect the rotating motor armature 
“full-on” rectifier 
would amount to plugging with short- 
circuit current. This would be, to say 
the least, highly undesirable from the 
standpoint of the tubes, motor commuta- 
tion, and the connected load. However, 
by proper control the tube circuit may be 
made to invert the d-c power generated 
by the motor into the a-c lines at a con- 
trolled rate. 

It is not theintent of this paper to dis- 
cuss the general theory nor to state a 
rigorous analysis of inversion, but to give 
a general description of the principle of 
inversion operating from the generated 
voltage of a d-c/motor into the voltage of 
the a-c line and some means of controlling 


; : 
¢ 
ly =mean length of turns in series-field 
coil 
lop =mMean length of turn in commuta- 
ting-field coil: 
Np =commutating-pole turns per pole 
Nr=series-field turns per coil 
P=number of main poles — 
P,=number of commutating poles 
R,=armature resistance 
R.p=commutating-field resistance 
Ry=series-field resistance 
R,=total series resistance 
RL =rotational losses 
rpm =speed in revolutions per minute 
S,=number of commutator segments 
S;=ntumber of armature slots 
T =armature turns per pole 
V=applied volts 
Vr =brush-contact drop in volts 
W=machine output in watts 
y =ratio of main-field ampere-turns per 
pole to armature ampere-turns per 
pole 
o=ratio of commutating-field ampere- 
turns per pole to armature ampere- 
turns per pole 
¢=armature flux per pole 
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_ Figure 1. Complete power and control circuits 


__ of an electronic reversing drive for a one- 


horsepower 230-volt d-c shunt motor 


this operation, Inversion is discussed 
from the standpoint of its usefulness in 
decelerating the thyratron- controlled d- -C 
“motor. — 


Brief Description of General Control 


The method of controlling the inverter 


. depends upon the type of rectifier circuit 
that is used, the method of controlling the 


thyratron grids, and the performance that 
is desired. The discussion of the circuit 
arrangement for the control of the in- 


_ verter operation will be limited in this 


paper principally to one example. Since 
only inverter operation is to be coveted 
here, the circuit used as an example is one 
the operation of which, except for in- 
version, was described quite thoroughly 
ina previous AIEE paper.!. The com- 
plete control circuit is given in Figure 1. 
Briefly, this control consists of two 


conventional biphase half-wave thyra- 


tron rectifiers and their associated con- 
Both rectifiers are operated from a 
single-anode transformer, one supplying 
the armature of the motor and the other 
supplying the field. The grid control of 
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‘the thyratrons is by means of' saturable 


reactor phase-shifting bridges. A small 
auxiliary thermionic rectifier supplies a 


d-c voltage, which is held constant by a - 


pair of voltage regulator tubes, A and B, 
for the operation of the control vacuum 


. tubes and for saturating the reactors. 


The saturation of the armature and 
field saturable reactors SR-A and.SR-Fis 


controlled by two triodes, D and DD. 


Two voltage-amplifier tubes, C and CC, 
compare a portion of the armature and 


field voltages with an adjustable portion: 


of a fixed voltage used as a standard and 
control tubes D and DD in the proper 
sense to regulate the armature and field 
voltages in proportion to the adjustments 
of the standards. These adjustable stand- 
ards are the two speed-control poten- 


tiometers which are ganged together and — 


so constructed and connected that they 
give the proper sequence of armature and 
field control. . 

Two other voltage amplifiers, tubes E 
and EE, compare a voltage proportional 
to the motor-armature current with two 


‘other fixed standards, each operating 


only when this current signal rises above 
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. Gener Description of Inverter — 


‘its standard. Tube E controls tube. Do 


reduce the armature voltage. Tube EE 
controls tube DD to raise the field volt- 
age, but, since the standard of tube E 
is slightly lower than that of tube E, 
operates at a slightly lower current s 

The results are that, on overload of 
motor, the field is strengthened before 


_ armature voltage is reduced, and the 


during acceleration of the motor, wu 
armature voltage rises to full value be 


_ the field is permitted to weaken. 


voltage: proportional to the armat 
current is obtained by rectifying 
secondary voltage of a current tr 


former, T5, the two primaries of wl 


are connected in the anode circuits of 

two armature thyratrons. It is this 

of the circuit which holds the out 

current of the rectifier practically c 

stant during acceleration of the moto 
; 


Action on Reversal 


As was pointed out earlier, the case 
a motor driven from a rectifier is 
analogous to the normal operation ©: 
generator driving a motor, because 1 a 
current cannot reverse through the rec ti 
fier. A somewhat analogous operation o} 
>)’. i 
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the motor armature are closed, and if the 
generator voltage is made lower than the 
generated. voltage of the motor, regenera- 

The remainder of the diagrams, E to M, 


reversed before the reverse contactors to 
tive braking results. 


. if the polarity of the generator voltage 
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a generator driving a motor can be drawn 

as pictured in diagrams A to D in Figure 2. 
A study of these figures will point out 

that, if the generator voltage is left un- 

nections are reversed, plugging an 

circuit current are the results; 


changed, and the motor- 
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the motor, and the average value of the 


maximum value. In series with the recti- 


Figure 1 would soon phase back the grid 


voltage, but before this correction could 
take place a cycle or two of severe peak 


currents would ensue. 


ier output is shown a large reactor with JR (current resistance) drop of the circuit. 


uifficient inductance to give continuous 


onduction. 


At F in Figure 2 the motor-armature 
connections have been reversed with the 
rectifier turned full on, that is, with the 


Above each diagram is 


At G the grid 


voltage of the thyratron has been phased 
back approximately 150 degrees, so that 


hown graphically the transformer volt- 


ige, the average value of the rectifier grid voltage in phase with the anode 


the tube does not “‘fire’’ or become con- 


The current-limiting circuit of 


voltage. 


utput voltage, the generated voltage of 
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- ductive until just before the transformer 


voltage connected to that anode goes 
negative. At the instant of firing, even 
though the transformer voltage is “near- 
ing-zero-going negative,” the net voltage 
on the tube is considerably positive be- 
cause of the generated voltage of the 
motor. As soon as the thyratron is made 


~ conductive, this net positive voltage is 


applied across the reactance and the 
resistance in the circuit. 

The distribution of the various electro- 
motive forces and voltage drops is pic- 
tured more clearly in Figure 3, for both 
rectification and inversion. In this 
graphic representation of the voltages the 
armature reactance and the series re- 


actor drops are lumped together as one © 
_ IX, drop. Likewise, the armature and 


circuit resistances are lumped and greatly 
exaggerated in this diagram. The effect 
of tube drop is neglected. 


| ‘The positive voltage across the re- 


__actance and resistance starts the current | 
- building up through the armature circuit. . 


‘During the current build-up, energy is 


“ 


- 


ul 
“te 


during the current build-up is returned 


“supplied to the reactance by the trans- 
former voltage until this voltage reaches 
zero and by the generated voltage of the 


motor. As the transformer voltage drops 


ftom its initial value, the rate of current 
rise becomes less, until, when the trans- 
former voltage becomes more negative 
than the difference between the gener- 
‘ated voltage and the JR drop, the cur- 
rent begins to decay. During the decay 
of current and flux, all of the energy 
‘which was supplied .to the reactance 


to the transformer by an induced voltage 


"which, added to the difference between 


_ the generated voltage and the IR drop, 
keeps the current flowing against the 
negative voltage of the transformer. The 


average voltage across the inverter then is 


the difference between the generated volt- 
tage and the average value of the JR 
drop, as indicated in Figure 2. 
Stated differently, the average ter- 
minal voltage of the tube circuit is the 
average voltage of the transformer over 
the period in which the tubes are con- 
ducting current. If the tubes are fired 
‘early in the positive half cycle, the aver- 
age transformer voltage during conduc- 
tion is positive; so the average output 
voltage is positive. If the tubes are fired 
at the end of the positive half cycle with 
no other electromotive force in the circuit 
to cause current to flow, the average 
voltage output is zero. However, if there 
is another electromotive force in the cir- 
cuit of the proper polarity to cause the 
tubes to conduct current against the 
opposing negative voltage of the trans- 
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former, the average terminal voltage of 
the tube circuit is negative. 
Shifting the firing point changes the 
period of the a-c cycle over which the 
tubes are conducting and thus changes the 
average transformer voltage opposing or 
aiding the flow of current. When the 
average transformer voltage made effec- 
tive by firing the thyratron is aiding the 
flow of current, the circuit is supplying 
power to the motor. 
former voltage is opposing the current 
flow caused by the generated voltage of 
the motor, the circuit is inverting power 
from the motor to the a-c system. 
Retarding the firing point makes the 
average tube-circuit counter voltage more 
negative and, with a given generated 
voltage, decreases the average current. 
As the current is decreased with a given 
reactance in the circuit, the energy trans- 
fer in the reactance may be insufficient 


to maintain current. over a full half — 
cycle, so the current becomes discontinu- . 
ous, as in Figures 4 and 5. If the tube 


firing can be retarded to the point where 
the transformer voltage becomes more 
negative than the generated voltage, 
there will be no current conduction. 
Perhaps a better picture of the rela- 
tion of continuous and discontinuous con- 
duction is obtained by a consideration of 
the current and voltage components. 


The firing of the tubes controls the por- ° 


tion of the transformer voltage wave 
which is effective in the circuit. This 
voltage consists of an average component 


plus multiple-frequency ripple voltages, 


the chief of which is at twice line fre- 


* quency for a biphase circuit. The aver- 


age current in the circuit is determined 
by the difference between the average 
effective transformer voltage and the 
generated voltage of the motor. The 
ripple current is determined by the re- 
actance of the circuit. If the average 
value of current is greater than the nega- 
tive peak of the ripple current, conduc- 
tion is continuous.. If the negative peak 
of the ripple current is greater than the 


average, the current becomes discon-— 


tinuous, since the negative peak cannot 
reverse the current through the tubes. 
The transformer voltage then becomes 
ineffective until the next tube is fired. 
The value of the circuit reactance then 
determines the ratio of | peak-to-average 


current and the conduction angle of the’ 


tubes. 


With reference again to Figure 2, since 
the circuit is now taking energy from the. 


motor instead of supplying it, the motor 
slows down, and the generated voltage 
drops. The grid voltage of the thyratrons 
is advanced to fire earlier in the cycle as 
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When the trans- — 


“negative (or more positive) th 


Current Control 


the grid voltage has been phase-retar 


is a high-resistance circuit. 


angle corresponding to yas peak 
transformer vena the averag 


bane average coee ad ‘the 
circuit, operating as a rectifier, supp! 
power to the motor. e 
The diagrams in Figure 2 dem 100 
strate the fact that, to get curre 
through the circuit, the average te: 
voltage of the tube circuit must 


generated motor voltage. Then, to 
crease the current the firing point 
advanced, and to decrease the current: 
firing point is retarded, both for in 
and rectifier operation. ¢; 


The current-limiting circuit of Fig 
consisting of the current transform 
its rectifier, and tube E, measures 
anode current and Mapes: in the as 


Sa as Sas rectifier coer Wi 
the rectified (age nore a st 


and so phasing back the grid voltage o 

the thyratrons. Phasing back the fi 
point increases the average negative 1 
age which decreases the current until : 
balance is reached. This circuit 
regulates the firing point during bo 
inverter and rectifier operation to hold 
the current constant. 


Preconditioning to Prevent Plugg nf 


If the process initiating a revers 
so controlled that the forward cont 
the reversing switch are opened, but 
reverse contacts not closed until — 


to the proper angle, the severe cut 
peaks of plugging can be avoided. 
operation will be referred to as pe 
ditioning for a reversal. 1 

During the interval when the rever : 
switch is completely open, with the moto’ 
armature disconnected from the circuit 
the only load across the rectifier cir 
Beca’ 
resistor will not keep current flowi 
the circuit after the anode transforr 
voltage goes negative, if the thyratror 
are fired anywhere in the positive 
cycle, the average output voltage i 


* 
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Al 
A. High counter electromotive force 
(positive) 


B1. Low counter electro- 
motive force (negative) 


positive and bears a definite relationship 
to the firing angle. Therefore, the posi- 
tive voltage across the resistor load can 
_ be used as a measure of the firing angle. 
_ This relationship is utilized in the circuit 
of Figure 1 where the grid circuit of 
tube £ is connected through a normally 
_ closed interlock, each on the forward and 
reverse contactors in series, to a tap on a 
“resistance divider connected between a 
‘point 150 volts positive above neutral 
(point 5) and the positive side of the 
“rectifier output (point 24). This serves 
to regulate the output voltage of the 
rectifier to a value which depends upon 
_ the ratio of the two sides of the resistance 
divider. By regulating to a low average 
voltage, the firing point of the thyratrons 
can be established at some point, such 
as in Figure 2G, which will give, upon 
‘closing the reverse contactor, the proper 
average negative voltage to limit the 


current to less than the current-lithit | 


value. A capacitor in the grid circuit of 
tube E “remembers” this conditioning 
signal momentarily, while the reverse 


contacts are closing, and the current is 


being established in the armature circuit. 
As this conditioning signal discharges 
from the grid capacitor the firing point is 
_ permitted to advance, increasing the cur- 
rent until the current signal takes over 
on tube E, which from there on limits 
the advance of the firing point to hold the 
' current constant. 


Where very fast forward and reverse © 


contactors are used, it may be necessary 
_to add a-delay of a few cycles between the 
“Opening of the forward contacts and the 
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‘a 


electromotive force (positive) 


BQ. 


A2. Intermediate counter 


B3. 


Intermediate 
electromotive force (negative) 


counter 


closing of the reverse contacts to permit 


the conditioning circuit to retard the 


grid-voltage phasé. This is accom- 
plished by using a small d-c relay operat- 
ing on the time constant of a capacitor 
and resistor, as CR1 in Figure 1. 


Commutation During Inversion 


In Figure 3 is indicated graphically the 
process of commutation in the tube cir- 
cuit, for both rectification and inversion. 
The commutation of the current from 
one tube to another depends on the in- 
stantaneous voltage and the commutat- 
ing reactance of the anode transformer. 
The greater that voltage, the faster the 


current can build up in the incoming tube © 


and go out in the offgoing tube through 


the commutating reactance of the trans- 


former. Commutation can take place 
only on a tube of more positive- -anode 
potential. 


In the case of rectification, commuta-’ 


tion is not difficult, because it is initiated 
in the period when the incoming anode is 
going positive, or the commutating volt- 
age is increasing. In the case of inver- 
sion, commutation of the tube currents 
can become troublesome, because it is 
initiated in the period when the com- 
mutating voltage is decreasing. If it is 
initiated early enough in the cycle there 
is sufficient voltage to commutate the 
current, but if the firing is retarded to 
very near the end of the cycle where there 
is little voltage the ‘‘should-be-offgoing” 
tube’s anode may start going more posi- 
tive than the ‘‘should-be-incoming”’ an- 
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A.3. Low counter 
motive force (positive) 


High counter electromotive 
force (negative) 


Figure 5. Effect of 
firing point and 
counter electromo- 
tive force on magni- 
nitude 

current 
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M — Margin 


electro- 


does not become 
continuous and 
thereby tend to carry 


of rectification if not 
commutated out 


over into the region — 


of anode 


continuous currents — 
by — 


which anode current — 


+ 
Au 


ode before commutation is ape 


In that event the ‘‘should-be-offgoing” 
tube would take all the current again and © 


conduct over the positive half cycle as % 


well as the negative. This means that, 


. 


while operating the biphase inverter at 


continuous current, the maximum retard | 
of the firing point must be less than 180° 
degrees. 


Maximum Voltage That Can Be 
Inverted 


4 ' 


Paty 
“s 
a 
‘ 
' 
i 


s 


Et 
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In a typical Applicaton of thyratron < 


control to a 230-volt d-c motor, the — 


maximum-armature speed-control setting — i, 


is adjusted to give a speed corresponding _ 


to a counter electromotive force of 230. (3 


volts at full field. If then the anode 


Ss 


transformer is designed to give an 


average output voltage of 280 volts, after 
allowing for tube drop, about 30 to 35 


the counter electromotive force and 
speed constant as the load is increased. 
If operated under this, condition, the 


maximum-base-speed generated voltage 


that will be encountered will be 230 volts. 
By comparison with rectifier operation - 

it can be stated that, if the firing point 

could be retarded a full 180 degrees or to 


‘the zero voltage point and still effect 


commutation, with continuous conduc- 
tion the negative voltage that could be 
developed would be equal in magnitude to 
the “full-on” rectifier voltage. A study 
of Figures 3 and 4 will show that tube 
drop subtracts from the rectifier voltage 
and adds to the negative inverter voltage 


. 
- volts are left for JR compensation to hold 
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which can be developed. If the firing 
point is to be retarded slightly less than 
180 degrees to insure commutation of the 
current from tube to tube, it is reasonable 
to expect a negative voltage slightly less 
in magnitude than the “full-on” rectifier 
voltage. The results of tests indicate 
that the maximum possible negative 
voltage for a biphase inverter is between 
260 and 270 volts on the basis of 280 
volts maximum average output as a 


rectifier. 


Since the maximum-negative gener- 
ated voltage that will be encountered 
will be 230 volts, with the motor running 
at base speed or below, the negative 
_ motor-terminal voltage developed during 
inversion will be less than this by the 
- amount of the armature JR drop. There- 
fore, the firing point of the thyratrons 
normally will be well in advance of the 


zone which would involve commutation - 


difficulties. Moreover, if the firing point 

_ is retarded to an angle which might pro- 
duce trouble with commutation, the 
inverter voltage with continuous con- 
duction would be more negative than the 

generated voltage. In that event, the 
current will be discontinuous, and it will 
not be necessary to commutate the cur- 
rent from tube to tube. This holds true 
only if the motor-terminal voltage is 
limited to about 230 volts which is the 
case for operation up to base speed of the 
motor. 


Reversing From Field-Weakened 
Speeds 


_ When the motor is to be operated at 

speeds above the base speed, the field is 
weakened by reducing the voltage of the 
field rectifier. The armature voltage is 
held the same as at base speed, 230 volts 
counter electromotive force plus the JR 
compensating volts. To fulfill the con- 
dition established previously, that the 
generated voltage does not exceed the 
base-speed voltage, the build-up of the 
field must be controlled during inversion. 
To obtain the maximum decelerating 
torque, however, the field should be 
strengthened at such a rate as to hold the 
generated voltage constant at the base- 
speed value. 

The normal operation of the current 
signal on the field control is to strengthen 
the field at the limiting current. On 
attempting to invert at the same current 


limit, this control would raise the gener-_ 


ated voltage beyond all control of the 
inverter. In the circuit of Figure 1 this 


voltage increase is prevented by tube 


HH and the heavy dotted circuit con- 
nected to it. The divider to which the 
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cathode of tube HH is connected is so 


proportioned that, if the average value of 


the voltage across the armature goes more 


than 200 volts negative, tube HH begins 
conducting and overpowers the current 
signal of tube EE to the grid of tube DD, 
thereby limiting the strengthening of the 
field. This regulates the reverse motor- 
terminal voltage to 200 volts until the 
motor decelerates to base speed. There- 


after, tube HH is cut off by its cathodes - 


going positive, and the field is con- 
trolled by the regular current-limit circuit 
for the remainder of the reversal period. 


Inversion With Only the Reactance 


“of the Armature ~ 


In the foregoing analysis the rectifier- 
load circuit was assumed, to be highly 
inductive, and in some places a series 
reactor was shown. The armature wind- 
ing, the commutating field winding, and 


the series field winding, if used, have ap- 


preciable inductance. A typical one- 


horsepower 1,150-rpm 230-volt motor 


was found to have an inductance ranging 
from 0.15 henry to 0.05 henry, depending 
on the degree of saturation of the iron 
structure. This range of inductance 
at the 120-cycle ripple frequency of the 


biphase circuit is sufficient to give con- 


tinuous conduction ‘at weak field and 100 


per cent current but discontinuous con-_ 


duction at full field and the same current. 
Other motors operated from this type of 
thyratron rectifier operating at from 100 
to 150 per cent rated current vary from 


’ near continuous to continuous conduc- 


tion. 

As was pointed out before, if the re- 
actance of the circuit is fairly low, so that 
the peak ripple currents are high, or if the 


average direct current is limited to a very 


low value, the peak current may become 


greater than the average direct current | 


of the bees ae 


in fractional and small horsepowe 


> 
s + 


in “Figure: A\p at is, pies cu 
in one tube beet iti is initiate 


Guat during the bao ae there : 
conduction through the tubes, the o 
voltage evident at the output of the re 


ated or the counter electromotiv: 


range of Joleen at light ices tele 
ing out to ore full, or full com 


normally ieee full aa fag 15k 
cent full-load current, except for the 
few cycles while the current-lin 
control circuit is advancing’ the 1 
point to give the current limit. Oper: t 
ing at the high direct current and wi 
the inductance ordinarily encountere¢ 


motors, the conduction angle of the tube 
in a biphase system varies from about 
135 degrees to a full 180 degrees. For 
the larger motors with less inductan 
polyphase circuits, which have low 
ripple voltages, are used;- hence, t 
conduction angle is at or near 2 : 
radians. Ps: 

Although ordinarily Saeed at hi 
current, the circuit will invert properh 
with the negative generated voltag: - 
not more than 230 volts, at an avet é 
current well below the rated motor c 
rent, from one half to one fourth, b 
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Figure 6. A\lteration of grid 
voltage to permit firing late in 
the cycle 
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tarding the firing point to near 180 de- 
grees. This means that on a reversal, 
if the pre-conditioning circuit retards the 
firing point to near 180 degrees while the 
contactors are open, the motor current 
upon closing the reverse contactor will 
be discontinuous current, as indicated in 
Figures 4 and 5, with an average value 
well below the rated value of the motor. 
After a cycle or two the current-limiting 
control will advance the firing point 
decreasing the opposing voltage of the 
inverter and increasing the average cur- 
rent to the limiting value. At this value 
it may still be slightly discontinuous or 
it may be continuous, as in Figure 3. 


Discontinuous Operation With the | 


Firing Retarded 180 Degrees 


With discontinuous conduction there 
is not the commutation problem with late 
firing that is present with continuous 
conduction, since the current in one tube 
goes out before the other tube is fired. 
There is one precatition, however, that 
should be observed in connection with 
retarding the firing point a full 180 de- 
grees. With the generated voltage of 
the motor reversed for inversion, the 

; addition of the generated voltage and the 
_ transformer voltage gives a voltage across 
the thyratron which is positive for more 
than a half cycle, as shown in Figure 6. 
If the grid voltage is negative for only a 
half cycle, it cannot be retarded a full 


180 degrees without causing the thyra-. 


tron to fire just before or at the beginning 
_ of the positive half cycle instead of at the 
end of the positive half cycle as was in- 
tended. To fire at the beginning of the 
positive half cycle would give an ex- 
tremely high peak current. 
This condition can be avoided by one 
of two means. The retard of the grid 
voltage during the conditioning period 
while the armature contactors are open 
can be regulated to limit the angle to a 
safe position a few degrees less than 180. 
- This will still hold the current upon clos- 
ing the reverse contactor to less than the 
limiting value, and the firing point will 
advance as the current-limit control 
takes over. Misfiring may be prevented 
also by altering the grid-voltage wave, so 
that it is negative for more than 180 
degrees. In Figure 6 is shown one pos- 
sible method of altering the grid voltage 
to permit retarding the firing a full 180 
degrees. This alteration was accom- 
‘plished by adding to the sine-wave volt- 
_age from the grid transformer a negative 
bias and displacing the phase forward to 
bring the firing point to the same point 
“as with the original grid voltage. The 
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Figure 7. Oscillo- 

grams of actual re- 
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electronic drive 
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negative bias is a self bias by grid recti- 
fication. The phase displacement is by 
means of a resistor and capacitor. This 
grid circuit is included in the circuit 
of Figure 1. 

With a grid voltage of this character- 
istic the circuit which conditions the tube 
for a reversal can be made to shift the 
firing point to a maximum retard without 
regulating. This could be accomplished 
in the circuit of Figure 1 by using the F 
and R contacts, which now connect the 
grid of tube E to a resistor divider, to 
connect the same grid to the cathode of 
tube F. This would serve as a false over- 
current signal to tube EZ, possibly giving a 
faster conditioning. 


~ Oscillograms of Actual Reversing 


Operation 


In Figure 7 are shown tracings of the 
voltage across the armature terminals 
and the armature current at the begin- 
ning of a reversal. The film was hand 
operated, so it is slightly irregular along 
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the time axis. Figure 7A does not in- 
clude the opening of the forward contacts 
but does show one cycle of the precon- — 
ditioned voltage. The preconditioning 
was adjusted to give a current at ap- 
proximately the limiting value upon clos- 
ing the reverse contactor. This oscillo- 
gram was taken with a one-horsepower 
motor with no connected load. The 
change of speed from fullforward to near- 
full reverse can be followed by the trace 
of the generated voltage during the non- 
conducting period. 

Figure 7B shows a full preconditioning 
period and the beginning of inversion. 
The firing was retarded by the pre- 
conditioning circuit to give a very low 
armature current upon closing the re- 
verse contactor. This oscillogram was 
taken with a high inertia load on the 
motor, so that it slowed down very 
slightly in the time shown. 

The oscillograms in Figures 7C and D 
were taken during a reversal from a field- 
weakened speed with a high-reactance 
motor. In Figure 7C, the current is dis- 
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_ discontinuous, 


s 
i 


continuous at the very low value on 
closing the reverse contacts but becomes 
continuous before the current limit is 
reached. Note that, while the current is 
the generated voltage 
shows up during the nonconducting 
period. In Figure 7D the current is 


- continuous from the beginning. 


Stopping the Motor by Regenerative 
Braking 


Inversion can be utilized to bring the 
motor to a stop by regenerative braking. 


If, with the motor running at any speed, a 


normal reversal operation, is started, 
and at the same time the reverse-direc- 


tion speed contro] is switched to zero 


speed, the motor will decelerate by in- 
version, but at zero speed the voltage 
circuit will turn off the thyratrons. if 
then the switching devices are de- 


energized, a complete stop has been ac- 


‘ 
7 


. 


such that, when the stop button is oper-_ 
_ ated, a reversal operation is started, re- 


y either the forward or reverse push but-— 


; 


is 
j 


_ complished. 
_ An example of a control circuit for this 
type of operation is included in the cir- 


cuit of Figure 1. The relaying scheme is 


_ versing from whichever direction the 


- motor was running when the stop button — 


was pushed. This reversal is exactly 
‘the same as though it were initiated from 


tons, except that at the same time the 
‘reference voltage of the armature-voltage- 
control tube C is reduced to zero. 


1 Gags 


may be recalled from Figure 2 that during - 
_ a normal reversal the voltage output of 
_ the rectifier at the instant of zero speed is 


_ hot zero but is the JR drop of the motor. 
If the reference voltage of the armature- 
_ voltage-control tube is at zero, and if - 


_ the JR compensating signal is still in 


4 operation, the ‘rectifier will build up a 


a 


positive voltage equal to the JR drop 
before the voltage-control tube takes hold. 


- Since it requires no current to hold zero 
_ speed, the control quickly retards the - 


Srizero. 


firing point and, as the JR signal col- 
lapses, the rectifier voltage is reduced to 
Turning the rectifier off de- 


_ energizes the Z relay, which in turn dis- 


connects the other switching devices. 
The deceleration is at constant horse- 


power during the field-control range of 


speed and at constant torque in the arma- 
ture-control range right down to the 
last revolution. 


Polyphase Circuits 


Polyphase rectifier circuits may be 


made to invert in the same manner as 
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HE purpose of this paper is to out- 
Tis: a simple procedure that may be 
used to obtain short-circuit, data most 
generally needed for relay co-ordination 
studies by using a d-c calculating table. 

A fairly complete relay co-ordination 
study can be made on systems using over- 
current and directional overcurrent phase 
and ground relays based on the three- 
phase short-circuit current and the re- 
sidual current for single-phase-to-ground 
faults. However, where ground relays 
have to be co- -ordinated with phase re- 
lays, it is desirable to know also the value 


of current that flows through phase re-— 


lays when ground faults occur. 
Since the development of distance re- 
lays, it is also desirable to know the 


voltages at various locations in the trans- 


mission system during three-phase and 
phase-to-ground faults. 
sequence voltage is used to polarize 
ground relays, it would often be ad- 


vantageous to know the value of zero- | 


sequence voltage in the system at a 
number of points for ground faults at 
various locations. Where relays are ap- 
plied using negative-sequence currents 
and voltages, it may also be desirable to 
know those values during ground faults. 
All of these currents and voltages can 
be calculated by the method of sym- 
however, the cal- 
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the biphase circuit and with practically 
the same control circuit. There is one 
restriction for polyphase inversion that is 
not present for rectification. The grid 
voltage of the thyratrons for inversion 
must remain positive for an angle of not 
more than 27/P radians where P is ee 


number of phases. 


In three- and four-phase circuits the 


inversion current can be limited to rated © 


motor current or less by retarding the 
firing point a full 180 degrees. In six- 
phase circuits the firing pene must be 


Asbury—System Voltages den Fault Currents 


Where the zero- _ 


{- 


culations are quite eer er req 
considerable time. The same infor 
tion can be obtained quickly and easily” 
by the d-c calculating board and wi ith 
relatively few and simple calculations, 
A description of the steps requirec ; 
- given in the next section. This is fol- 
lowed by a discussion of the factors in- 
volved and an analysis of the method. ; . 

‘ * 


Description of Method 


1.) (Set up the a eane keke pene 


actances and impedances ic give the desir 
ss des a 


4 


one half the kilovolt-ampere BESe used 
the positive- Saray network. 


i 
(ea 


and. pi Se xe bia 
interest over the system by using 


vided by the total board voltage an 
plied by 100 gives the per cent volta 
that bus. If the total board voltag 
volts, the voltmeter reading. represer 
cent voltage at the point pee consi 
Record this as V. 4 


3 
at —_ - 
ee 


5. Apply a fault at a “point in the zer 

sequence network corresponding 
used for the three- phase fault in 
using the same voltage that was used 
three-phase fault. Read the total fault cur 
rent and the distribution in: the, zero- 


ee 


retarded more than 180 degrees beyon¢ ) 
the beginning of the positive half cycle 
to limit the current properly. 

In polyphase circuits, commutatio n 
at 180 degrees firing is not difficult with 
continuous current, since the voltages | of 
adjacent phase do not go to zero at - th 
same time. 


are wemetingtnite te 
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sequence ‘network on a scale having 3/2 
as many divisions as the scale used for 
three-phase faults. These currents repre- 

4 e 
sent residual currents in the system and 
are the currents that will flow through 
ground relays for a phase-to- ground fault. 
If the 3/2 scale is not available, use the 
same scale that was used to read three-phase 
faults and multiply the results by 3/2 to 
giveresidualamperes. 


6. While the phase-to-ground short circuit 
is still applied, use a high-resistance volt- 
meter and measure the voltage from the 
neutral bus (zero potential plane) in the 
zero-sequence network to the various busses 


of interest in the zero-sequence network. If — 


a total board voltage of 100 volts is being 
tused, the voltage read is the per cent zero- 
sequence voltage at the bus where the volt- 
age is measured. If 100 volts is not used 
for the total board voltage, the reading 
divided by the total board voltage times 
100 will give the per cent zero-sequence 
voltage. Record the voltage measured as 
Vo, a positive quantity. 


7. With the phase-to-ground fault still 
applied, measure the voltage from the fault 
to the corresponding busses, in the positive- 
phase-sequence network, that were used to 
determine V». Record the voltage meas- 
ured as Vy. The voltage Viz is the positive 
plus the negative-sequence voltage at the 
‘point where the voltage is measured in the 
Positive-phase-sequence network. Theread- 
‘ing will be in per cent if 100 volts is being 
used for a total board voltage. Otherwise, 
the reading over the total board voltage 
times 100 will give the per cent voltage. 


8. The current which flows in the phase 
relays of the faulted phase during a ground 
fault may be calculated easily from data 
already taken by using the following rela- 


_tionship.* 
Ra \, 
e Re ) 


9. The voltage at any point during a line- 
to-ground fault may be obtained from the 
following relationships. (Assume line A 
to be the faulted line.) The line-to-ground 
voltage expressed in per cent will be 


=Vir— Vo 
Ez= = Vo—0.5Vie—.786.6 
Ec=-— -Vo—0.5 Viet J86.6 


Pik aRit 
a — he oe 
To CL Wee 


where Vo and Vig are expressed in per cent. 
The line-to-line voltage expressed in per 
cent will be: 


Ess=Es—Ea 
Esc=Ec—Es 


Eca=EHa—Ec 


where all voltages are taken vectorially. 


Care must be taken where transformations ~ 


are involved to consider the phase-angle dis- 
placement of each of the component voltages 
before combining them vectorially. 


10. The positive- or negative-sequence 
component of voltage at any point during a 
ground fault may be obtained from the volt- 
age readings already recorded as 


Ee—Vu 


>. 


4 


* See definition of symbols at the end of the paper. 
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Bes 
Eg=100 
then 


y= 100 Yu 


=VitVz 


where Viz and V2 are both considered as 
Positive quantities. The sequence com- 
ponents of currents in any branch of the 
circuit during a ground fault may be ob- 
tained from the following relationships: 


(Iz and V2, may be of interest where nega- 


tive-sequence ground relays are being ap- ~ 


plied.) 
Using Reactance or Impedance 


When voltages are to be determined for 
use in determining distance relay per- 
formance, consideration should be given 
to whether reactance or impedance values 
are to be used in setting up the networks. 
If the ratio of reactance to resistance is 
fairly high, the result obtained will be 
sufficiently accurate if reactance is used. 
If the resistance is an appreciable part of 
the total impedance, a more accurate 
result may be obtained by using imped- 
ance rather than reactance. The par- 
ticular system under consideration should 
be studied and the various constants 
compared to decide wisely on whether 
impedance or reactance should be used. 
It may be that in part of the network 
reactance values should be used and in 
other parts impedance values would give 
better results. 

In the zero-sequence network it will be 


found usually that the ratio of X/R is 


high enough that reactance only may be 
used throughout with little error. How- 
ever, for a high-resistance grounded sys- 
tem this, of course, would not be the case. 


’ Choosing a Base 


After the proper constants have been. 


determined for the positive- and zero- 
sequence networks, a base should be 
chosen so as to utilize the rheostats avail- 
able without having to put too many in 
series for a given line section nor too 
many in parallel for other lines, trans- 
formers, or generators. Due considera- 
tion also must be given to the range of 
the galvanometer readings and accuracy 
to which resistor settings can be made. 
It should be kept in mind that low-scale 
deflections on the galvanometer have not 
only a sizeable per cent error due to the 
observation but also an appreciable error 
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due to the accuracy of the galvanometer, 
which has a guaranteed accuracy in a 
certain per cent of full scale. 


Networks Needed 


It is ‘desirable to set up as few net- 


works. as possible and still obtain the — 


desired information. Since the positive- 
and negative-sequence networks are very 
similar, little error results in most short- 
circuit studies by considering the two 
networks to be identical and setting them 


-up as one network. The zero-sequence 


network is also necessary for ground-fault 
studies. Set up the positive-sequence 


network on the desired base and set up — 


the zero-sequence network on a base one- 


half the size of that used for the positive- 


468-) 


Figure 1. 


Three-phase fault with unit voltage 
and unit impedance 


Unit current or base kilovolt-amperes flow to 
the fault 


sequence network. These two networks ’ 
_ are all that is required to give quite a 


complete study of currents and voltages 


for three-phase and phase- -to-ground 


faults. 


Three-Phase Faults 


Consider the two. networks in their 
most simple form as shown in Figures 1 
For clarifica- 


and 2 on a per unit base. 
tion consider 


4:=Z2,=Z)=unit impedance 
Let . 
Z1/2+Z2/2=Zp 
For a three-phase fault, if one nit of 


voltage is impressed on one unit of im- 


pedance, one unit of current flows, 
which means that base kilovolt-ampere 
is flowing to the fault. Therefore, the 
network in Figure 1 may be used to 
determine three-phase faults. 


Phase-to-Ground Fault 


Consider a simple system having unit 
positive-, negative-, and zero-sequence 
impedances. Such a system has unit 
three-phase fault current and unit ground- 
fault current. 
pedance is set up on one-half the base 


TRANSACTIONS 185 


If the zero-sequence im- 


/ 


(a). (3/2) unit voltage ap- 


3-UNIT I-UNIT L unit 
VOLTAGE IMPEDANCE Saal plied 
ad (-) Ge & vy _G/2)Eq_ Eg 
at Zod Wits 7G /Rz ae 
5 
je | Therefore, unit current or base 
2a ly A Se RODE EES eee ere woe a kilovoft-amperes flow to the 
fault. 
I- UNIT I-UNIT £-UNIT ; 
eM IMPEDANCE IMPEDANCE (b). One-unit voltage ap- 
AGA : ae ie) plied 
[ Zo I [= Eg _2 Ee Eg 
- G/DzZ 3.2 
La Therefore, two thirds of unit 
=» (b) é current or of base kilovolt- 
Figure 2. Phase-to-ground fault amperes flows to the fault 
used for the positive-sequence network, or 
as shown in Figure 2, then there exists — pe 2 
-3/2 units of impedance to the fault. If le=F => anit current @) 


_ 3/2 units of voltage were impressed on 


i 


the network as shown in Figure 2a, unit 
current or base kilovolt-amperes would 
flow to the fault, this being the correct 
ground-fault’ current. However, it is 


Figure 3b is the same fundamentally as 
that shown in Figure 2b, and if unit 
voltage is impressed on 3/2 units of 
impedance, 2/3 units of current flows, 


usually more convenient to use the same “that is 
board voltage for three-phase and phase- ® E 

-to-ground faults, and then for ground . HO Fee =(2/3)-— (2) 
faults multiply the current readings by 24242 (8/2)2Z Z 


_ unit current flows. 
_ consideration of symmetrical components 
at 
is called 
/ > 


3/2 or use a second scale on the galva- 
nometer calibrated to read 50 per cent 
higher than'the first. This second scale 
then reads the correct residual current, 
that is, the current which flows through 
ground relays operating on residual 
currents. The distribution of currents 
read in the zero-sequence network is the 
true distribution of residual current in 
the various branches of the network 
under consideration. This is apparent 
from the following consideration of 
Figures 3a and 3b. 
In each figure consider Z;=Z.=Z,)=Z 
for simplification. 
In Figure 3a, if unit voltage is im- 
pressed on 3 units of impedance 1/3 
This in the ordinary 


=1,=1,=I¢/3 


where Ig is the residual current. 


Io___Eo __Eo 
3 Z14+22+2Z) 32 


If a multiplier of 3/2 is used or a 3/2 
scale used as described previously then 


(3/3) 90/3) ne ae ratte tpeadiet cue 
Z Z * rent 


Therefore, the current determined by . 
using the 3/2 multiplier or as read on the 


* 3/2 scale in the networks shown in Figure 


2b or 3b is residual current. 
Voltage During Three-Phase Faults 


The voltage at any point in a network 
during a fault is the vector sum of the 
voltages at that point in each of the se- ° 
quence networks. The voltage at any 
point for a three-phase fault is the 
generated voltage minus the JZ drop to 


the point being considered, or the IZ © 


drop from the fault to the point under 
consideration. Since, no zero- or nega- 
tive-sequence currents flow during a 
three-phase fault, only the positive- 
sequence network need be considered 


Se Z; Zo Zo 468-3 ; ‘ 
p——-(E } Wy Wy Ve 
! ae ar ey 

| 

| 


ie ee a we 
a Figure 3. Residual currentread 
ee en ae ee ee J directly for phase-to-ground 
faults 
z z z 
at <2 =o. (a—above). Network with 
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actual impedances 
(b—below), | Network with 
impedances as set on calculat- 
ing table 


. the generated voltage in that 1 


_ considered. Since the positive-seq 


[ma 


for woltngs) at any points 
is measured from the fault to 
where the voltage is desired in 
tive-sequence network, when a 
phase fault is applied; the value ob 
is proportional to the line-to 
voltage at that location. The m 
voltage divided by the d-c board v 
times 100 is the per cent of the s 
voltage that exists at the point | 
consideration. If the d-c board vol 
is 100, the voltmeter reads per cent volt- 
age. This is shows in Figure 4. — 
Voltages During a Phase-to-Grout und 
Fault a 
_ When a phase-to- las fault occurs on 
a grounded system, positive-, nega : 
and zero-sequence currents flow, and 
voltage at any point is the vector 
of the positive-, negative-, and zero 
quence voltages at that point. Each 
the sequence voltages is produced by 
particular sequence current flov 


fase fhe enrages mae 
X| 


oT ee 


The per cent siete at point A is (V/Eo) ; 
If Eg=100 volts, then V is the per cent | 
voltage at A 5 


through that sequence impedance. 
voltage in each network at a given 


minus the [JZ drop to the point 


network is the only one having a 
ated voltage, the expressions for 
quence voltages at a given point, 
LE, =E@—-hZ; 

LE2,=0—InZe 

1E)=0—IoZo ‘om 
The phase-to-neutral voltage on the | 
faulted phase, say A, at the point Lis 
tEa=1Eo+1E: +122 a 
From symmetrical components the 
ages to neutral on the two unfaul 
phases are é 
LEp=1E —0. 5(.Ei+2Es)— ; 

J0.866 (rE: — LE, 


ange —0: 5(:Ex-+2E:)+ 
JO. 866(.Ei— LE 


tEc= ; 
Fs) 
i" 


ee 


in which J, and J are in the same direction 


as I,. In the following material, there- 
fore, the E’s are used to include the signifi- 
cance or relative direction, whereas V’s 
are all positive numbers and must be 
used with appropriate signs. Thus 
r&\=1Vi, and these are used inter- 
changeably. However, ,F,=—,Ve, and 
rzHo=—x1Vo. The E’s are actually vec- 
tors, although those obtained directly 
from the d-c board are all in phase or 
180 degrees out of phase. Thus, it is 
consistent later to use the symbol E in 
expressions for vectorial voltages of the 
other phases. 

It is often desirable to know the volt- 
ages at several locations during a phase-to- 


Figure 5. Sequence networks connected fora 
ground fault 


2) 
Pare 
AG) Li 


ground fault to predict the performance 


_ of voltage relays, distance relays, under- 
_ voltage devices, or the general system dis- 


turbance. It is also often desirable to 
know the zero-sequence voltage at a 


‘number of locations to determine the 


a 


2b is (2/3)Ig=2 Io. 
in this network, however, is set up on 


performance of directional ground relays 


"using zero-sequence voltage for polari- 


zation. 


ZERO-SEQUENCE VOLTAGE 


From equation 5 above the zero- 
sequence voltage at the point L is the 
InZo drop from the zero potential plane or 
neutral bus of the zero-sequence network 
to the point L. The current flowing in the 
zero-sequence network as set up in Figure 
The impedance used 


one-half the normal base used for the 
 positive-sequence network, and the value 


of zero-sequence impedance in the net- 
work on a per unit base is Z)/2. If two 
times unit current flows through one-half 
unit impedance, unit voltage is produced 
or 219Z0/2=IbkZo=7Vo. Therefore, the 
voltage measured from the zero potential 
‘plane or neutral bus to point Z in the 


_ zero-sequence network represents the 
_ zero-sequence voltage at the point L. If 


Eg is 100 volts, then (zVo/100) 100= ~ 
Therefore, if Eg=100, zVo is the 
per cent zero-sequence voltage at point 


Vo. 


L. The per cent zero-sequence voltage, 


Vo, is the per cent of the maximum 
or nneice ote which is the same 
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_ as three times the normal line-to-neutral 


voltage.. 


GROUND-RELAY VOLTAGE 


If the secondary or relay zero-sequence 
voltage corresponding to 100 per cent 
primary zero-sequence voltage is known, 
the per cent zero-sequence voltage, 7Vo 
divided by 100 and multiplied by this 
secondary voltage will give the zero- 
sequence volts on the ground relay. The 
most common method of obtaining polar- 
izing voltage for ground relays is to use 
wye-wye main potential transformers, 


_ grounded on each side, and wye-broken- 


delta auxiliary potential transformers 
with the wye grounded. With this com- 


ZERO-POTENTIAL 
PLANE 


bination the polarizing voltage on the 
relay can be obtained readily for the 
condition of 33 per cent zero-sequence 
voltage. This condition is simulated 
when the primary of one main potential 
transformer is disconnected from the 
line and short circuited with the other two 
transformers energized from the two re- 
maining lines of the three-phase source. 
For example, suppose the phase-to- 
neutral voltage is 19,000 volts, and 
potential is supplied to the ground relay 


through three 300/1 ratio wye-wye main 


potential transformers connected to three 
1/1.73 ratio wye-broken-delta auxiliary 
transformers. The relay voltage for the 
simulated 83 per cent zero-sequence 
voltage condition is then 


 (19,000/300)1.73 =110 volts 


or 100 per cent zero-sequence voltage cor- 
responds to 330 volts on the relay. 

It may be found helpful to record this 
100 per cent secondary zero-sequence 
voltage on the reactance diagram-at all 
the points where the zero-sequence volt- 
age is of interest for future reference, 
thus eliminating duplicate calculations. 


Figure 6. Sequence networks 
connected for a ground fault 
with positive- and negative- | 
sequence networks combined l 
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Since various ratio auxiliary potential 
transformers are used often at different 
locations, the advantage of recording the 
maximum secondary zero-sequence volt- 
age is apparent. (Vo/100) 330 is the 
voltage on the ground relay in the afore- 
mentioned example. Vo seldom exceeds 
60 per cent for a solidly grounded system 
and is more often 33 per cent or less. 


POSITIVE- AND NEGATIVE-SEQUENCE 
VOLTAGES 


It will be shown first that the sum of 
positive- and negative-sequence voltages 
can be read directly from the calculating 
board. Figure 5 is an equivalent dia-— 
gram. of the network arrangement on the 
board with the point L identified in each 
network. Let Eg be unit voltage, and 
24:=2Z2,=Zo=1 unit of impedance. 

Since unit voltage is impressed on a 
total of 3/2 units of impedance, 2/3 
units of current flow, as was shown in 
Figure 2b. Since unit current is Ig, the 
current that flows is 2/3 ta WMh=2h= 
2Ie. " 

The positive- and neguiive <-nnenea 
impedances being identical may be com- 
bined as shown in Figure 6, the current 
being the same as in Figure 5. The posi- 
tive- and negative-sequence voltages 
during a ground fault at point L of Figure — 
6 are shown in Figure 7. They are de- 
tived as follows from Figures 5 and 6: 


\ 2hZ! 
LEy=Ee—— 


2I,21' 


LE, =0— 5 


_2hay' 


suet —— a Figs 21,2,’ 


| LE; +1E2,=Ee— ane: 


Let 
Eq—2h2;' =1Vis 
tV2=LEi+1E2 4 
Note that ,Vi is the voltage that 
exists between the fault on the board setup 
and the point L in the positive-sequence — 
network when a ground fault exists. If - 
Egis 100, Vi2is in per cent. 
From equation 4 the negative-sequence — 
voltage at point L is 
LE2= —1nZ1' 
Since Z,’ is assumed equal to Z,’ and J2= — 
I,, and if it is notedfrom Figure 7 that 


NEUTRAL BUS 


4ba-b 
Zo 
Z| = 
(+) Li2 Lo (-) 
zi zi 2 
2 “en l 
— 21 )=2la=2lo ! 
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y is / 
1,Z,' =(Eg—1Vi2)/2, therefore 
pEy= —1,Z1' = —(Ee—1Vi2)/2 


or the numerical value of negative- 
sequence voltage is 


tV2=(Ee— 1Vix)/2 


It isin per cent if Eg= 100. 
The positive-sequence voltage at ‘point 
Lis 


| pA: =1V2— LEs 


4 since tV is equal to pE.+1E2. How- 
ever, E, is negative and has the magni- 
tude ,V2. Thus , ; 


a epee iea Vas biVs 


F 


é _ PHASE-T0- GROUND VOLTAGES”, 


_ The expressions for line-to- ground volt- 
ages in terms of board measurements 
_ may be derived as follows. \ The per cent 


if 


! 
” a . 4 F } , 


Bane aay NEUTRAL BUS 


>, phase- stat ground voltage on ‘the faulted 
‘ aie say A, at point Lis 


=1E\+1E:+1Eo=1V2e— 
*y is a he 


i From symmetrical components 


rot 


a p= LE )—0.5(1E1+1E2)— 
J0.866(1Ei— ahh) 


—0.5(zFi+1E:)+ 


ed og 


een 


- 


: es Viz 

.  eepenaale (o- set 
i-tE:x=Eq 

Site —0.5Vi2—J0.866E¢ 

tEo=—1Vo—0.5Vi2+J0.866E¢ 


% _ As stated previously, ;Vo and Viz both 

are considered as positive numbers. If 

 Eg= 100, the phase-to-ground voltages 
at point L become 


Vo 


 pEa=Vi2- 
 pEp=—1V0—0.5Vi2— J86.6 
LEc=—1Vo—0.5 Vie + J86.6 


All values will be in per cent of phase-to- 
neutral voltage at point L. 
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LV (since LE) 


J0.866(1E:—1E2) © 


LINE-T0-LINE VOLTAGES 
The line-to-line voltages in per cent of 
line-to-neutral voltage will be 


tEas=.Es—1Ea taken vectorially 
tEsc=1tEc— Es taken vectorially 
tEca=.LEa—zEc taken vectorially — 


\ 


Conclusion 


or complete picture of currents and 


voltages may be determined with suffi- 
cient accuracy for most relaying prob- 
lems in a system during short circuits by 
using a d-c calculating board with very 
little more time and effort than is nor- 
mally used to measure currents for three- 
phase and phase-to-ground faults. Only 
one setup, using two simple networks, is 


_ required. The only readings necessary 


are current or kilovolt-ampere for three- 
phase and line-to-ground faults, including 


Figure 7. Voltage measure- 
ments for a ground fault 


- 468-7 


‘the current distribution of each desired, 
and V, Vy, Vo, for each fault condition ~ 
at as many points as the voltage may be 


of interest. ‘ 


Other values of voltages and current. 


such as Vi, V2, Va, Va, Voy Lh, Is, Jo, Ig 
may be obtained by very simple calcula- 


tions by using the currents and voltages — 
‘that were measured. The voltage cal- 


culations are simplified by using a total 
board voltage of 100 volts, so that the 
voltmeter reads directly in percent. The 
same result may be obtained where 
a board voltage other than 100 must be 


used by preparing a special scale for the 


high-resistance voltmeter which is marked 
in per cent of full board voltage, or by 
converting the readings taken into per 
cent of full board voltage. 

Thus, a complete analysis of perform- 
ance for modern relays may be made 
quickly and with sufficient accuracy for 
both three-phase and phase-to-ground 
faults by using the d-c calculating board 
and a high-resistance voltmeter. 


Definitions of Symbols Used 


Ig =total residual amperes flowing to a 
ground fault 
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'Zyj =zero-sequence impedance 
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_ network when a phase-to- ground 
is applied 
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the neutral bus to a point of inter 
the zero-sequence network desi 
asL “a 


(Note that the qubiatess Lis also 
designate various other voltages 
exist at point L. a ; . 


LVo= 


Ei Sp saieeeeghene component of volt- 
age ee 
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age: hig a 
E, =zero-sequence component of voltage 
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“Corone in i Airerel: Electric Grins as 


ad Function of Altitude 


W. R. WILSON 


ASSOCIATE AIEE 


Synopsis: Corona-starting voltages of the 
‘components of a 208-velt 400-cycle grounded- 
neutral electric system are reported for con- 
‘ditions to simulate altitudes between sea 
fevel and 50,000 feet. The corona charac- 
teristics are shown to be functions of air 
pressure, electric-field geometry, humidity, 
‘and the cleanliness of insulating surfaces. 
The effect of reducing pressure is shown to 
fower the corona-starting voltages of air- 
craft cables by as much as 60 per cent 


because the dielectric strength of large air . 


gaps dropsa comparable amount. Reducing 
the pressure has small effect on the corona- 
‘starting voltages of low-voltage capacitors, 
because the dielectric strength of small.air 
gaps is nearly independent of pressure. 


Moisture and dust on insulating surfaces | 
and moisture in aircraft cables produce 


ecorona-like disturbances below 208 volts. 
Data are presented on cables, capacitors, 
parallel studs, and needle gaps. Under 
dry conditions all corona-starting voltages 
were well above the operating voltages of 
the system. 


ORONA in an electric system consists 
of minute arcs which produce ozone 
‘and nitrous acid in air; they carbonize 
oil, paper, and cotton; they oxidize and 
‘age rubber, and they corrode metal. 
Corona at operating voltages has often 


caused the rapid deterioration of the | 


electric equipment containing the corona. 
In addition, high-frequency radiation is 
produced which may interfere with radio 
and allied instruments. .For these rea- 
sons engineers working in the design and 
‘development of electric equipment should 
know the voltage at which corona first 
‘appears in that equipment. 

_. Corona in insulation usually consists of 
the breakdown of small air pockets and 
gaps. It is well known that at high 
altitudes the density and dielectric 
strength of air are reduced greatly from 
their sea-level values. The change from 
‘sea level to 50,000 feet causes the di- 
electric strength of a one-centimeter 
parallel-plane air gap to drop by more 
than 75 per cent. Because of this, the 


Paper 44-59, » ‘recommended by the AIEE com- 


mittee on air transportation for presentation at the | 


AIEE winter technical meeting, New York, N. Y., 
‘January 24-28, 1944. Manuscript #iubmitted 
Wovember 10, 1943; made available for printing 
January 10, 1944. 
W. R. Wutson is in the works laboratory, General 
Electric Company, Pittsfield, Mass. 
The author acknowledges the suggestions and help 
of his associates T. R. Walters, G. C. Nonken, and 
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question has been raised as to whether 
corona-starting voltages would not also 
drop greatly at high altitudes. This 
paper is an attempt to answer that 
question in a manner to be helpful in 
general design. Emphasis is placed on 
the specific problem of determining 


ALTITUDE — THOUSANDS OF FEET 
50 40 30 20 10 on 


CORONA- STARTING VOLTAGE 


DOTTED LINE— 420 CYCLES 
SOLID LINE— 60 CYCLES 


— 


© 10 20 30 40 50.60 70 80 
_ PRESSURE — CM OF HG 
Figure 1. Effect of frequency upon the 


corona-starting voltage of cables 


Curve A—Cable 1 at 490 cycles 
Curve B—Cable 1 at 60 cycles 
Curve C—Cable 4 at 60 cycles 
Curve D—Cable 4 at 420 cycles 


sy 


whether or not corona will exist in the 
steady-state operation of a 208-volt, 
400-cycle electric system. 

_ Corona measurements were made upon 
the following: . 


Aircraft cables........ Figures 1, 2,3, and 4 
Table II 

Capacitors ses. cs case: Figure 5, Table I 
Meter-case back...... Figures 6 and 7 
Parallel studs........ Figures 8 and 9 
Needle gaps.......... Figure 10 
Contaminated sur- 

FACES Peice doersae Table III 


Variables were pressure, humidity, volt- 
age, and frequency. 

At the close of the report, data are 
discussed which deal with the increase 
of the sparking potential of small gaps 
as the gap is made smaller. It is shown 
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that this variation has great influence on 
the corona-starting voltage of capacitors 
at altitudes easily attained today. 

All tests were made at room tempera- 
ture and at an altitude of 1,000 feet. A 
method is given for correcting accurately 
the data on corona and breakdown in air 


to the low temperatures of high alti- 


tudes. 


Method of Test 


When corona occurs in any piece of 
equipment to which voltage is applied, 
the current to that piece of equipment 
includes high-frequency components. 
many cases the high-frequency compo- 


-nents can be separated from the normal 


‘ 


Int] 


if 


charging currents, be amplified, and be 
viewed on the screen of a cathode-ray — 


oscilloscope. With sufficient sensitivity 


at his control, an operator can thus detect © - 


the first pulses of corona and find the 


lowest voltage at which deterioration due 


to this cause can exist. A simple 


method for accomplishing these measure- _ 


ments has been described by G. E. Quinn.? © 


\ 


It is characteristic of this type of 


measurement that corona in a low-capaci- 
tance system, such as a needle gap, 
is much easier to detect than corona in a 
high-capacitance system. In the tests 


3 


<a 


to be described in this report, the sensi- — 


tivity was such that the first indication 


of corona was usually an off-scale den ; 


flection of. the oscilloscope spot. ‘The: 
equipment was designed for more diffi- 
cult high-capacitance work, and the 
results of that work check years of ingula- 
tion experience. Because all of the tests 
in this paper were on lor cabadtaenall 
samples, the writer feels that if there was” 
any minute amount of undetected corona 
in the electric fields studied, it was 
negligible. ' 
The tests were made with the samples 


to two millimeters of mercury. Two 
diametrically opposite electric connec- 
tions were brought into the desiccator 
and, when necessary, terminated in 
spheres. This insured that there would - 


_be no corona except in the test sample. 


All tests were run at room temperature 


and, except when stated otherwise, with — 


a drying agent in the desiccator. All 
tests were run at 60 cycles except those 
which were made to show that the fre- 
quency change from 400 to 60 cycles 
had small effect. When not stated 
otherwise, voltages are rms. 

In this paper, corona is defined as 
ionization in a fluid dielectric without the 
breakdown of the sample in which the 
fluid is contained. Examples are numer- 
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‘in a desiccator which could be evacuated — a 


, 


ous. Ionization may occur in air'around 
metal points or in oil between trans- 
former windings. 
not become a conductor from terminal 
to terminal, the ionization is defined as 
being corona. In air, oil, and other good 
dielectrics corona appears in a char- 
acteristic manner. The fluid suddenly 
ionizes at a certain voltage; at that 


voltage a large deflection of the oscillo- 
scope spot can be seen. 

In the tests involving moist samples 
the pulses detected were of a different 
The pulses, instead of first appear- 


- type. 
! 


Figure 2. Form of cable-to-cable damples 


| ing with a large deflection, often grew 
from an indetectable first amplitude. 
This type of disturbance was also called 
corona because the moisture which 
caused the disturbance was part of the 
dielectric. It could not always be differ- 


entiated from ionization in air. The only 


tests which gave indications of ioniza- 
_ tion at voltages near 208 volts were tests 
with very moist samples. 
The corona-starting and the break- 
down curves are plotted against the pres- 
sures at which the tests were run. A 
second scale gives the altitudes which 
correspond to the test conditions insofar 
as corona or breakdown in air are con- 
cerned. As explained later in the paper 
the tests made at room temperature and 
at variable pressure have been corrected 
. to high-altitude temperatures and pres- 
sures. The equivalent altitudes apply 
accurately when the ionization occurs in 
air, but they do not apply when the 


ionization occurs in a liquid such as in. 


the moist cables. In the latter tests the 
equivalent conditions are doubly un- 
certain because the water will freeze at 
high altitudes uriless the Sauipe is 
heated. 


‘Frequency—Figure 1, Table I 


The influence of frequency on corona 
in air which includes no solid barriers 
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If the test piece does ~ 


ALTITUDE—THOUSANDS OF FEET 
50 40 30 20 10" ee 


TO 3800V 
AT 76 CM OF HG 


CORONA- STARTING VOLTAGE 


60 70 80 
PRESSURE—CMOF HG 


Figure 3. Corona-starting voltages of cables 
at room humidity 


\ Curve A—Number 8 cable to cable 
Curve B—Number 1/0 cable to cable * 
Curve C—Number 16 cable to cable 
Curve D—Cable 4 
Curve E—Cable 5 


, 


has been shown by Peek to be negligible 
through the frequency range from 60 to 
420 cycles. Data taken for this paper 
show that the corona-starting voltages 


of fields with solid barriers are not aioe 


fected by more than ten per cent by the 
aforementioned change in frequency. 
For example,. 


60 and 420 cycles. 


the two frequencies. 
Three types of capacitors also were 


checked for the present paper (Table I). 


The values given depend as much on the: 
capacitor construction as on the di- 
electric material. — 

_ The conclusion may be drawn from 


' Table I that. the change of freqtiency ~ 
from 60 to 420 cycles produces a small - 
effect upon corona-starting voltages. 


Cables—Figures 2, 3, 4, and Table II 


Five types of cable* were tested. 


1. Number 16 (19/0.0113) Deltabeston 
(Flamenol, asbestos, and cotton braid over 
tinned copper—single conductor). 


2. Number 8 (7/24/0.010) Deltabeston 
(Flamenol and cotton braid over tinned 
copper—single conductor). 


- 8. Number 1/0 (19/55/0.010) Deltabeston 


(Flamenol and cotton braid over tinned 
copper—single conductor). 


* Cable sizes given are American Wire Gauge 
numbers; the number of strands, the number of 
wires in each strand, and the diameter of each wire 
in inches are indicated in parentheses, 
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; electric-field a 


Figure 1 shows the - 
corona-starting voltages of two cables 
tested at varying pressure and at both 
There is no signifi- | 
cant difference between the curves at 


Curve A—Cable to ground, 98 per 
~ Curve B—Cable to ground, room humi 


Curve D—Cable to cable, vacuum dried 


_ potential. 


lamp and appliance cord. 


(Flamenol and cotton bra: 
Scene sine conductors). 


ance aed 220-volt (rubber an and ¢ 
over bare copper—two conductors). 


Cables 1, 2, and 3 were tested in 
configurations. C: 
cable tests were made by ge 
gether two equal lengths of cable ( 
ure 2). The two ends of each wire 1 
connected to one of the conn 
spheres. ' 
corona from the vera cae 


Es - 


ALTITUDE—THOUSANDS OF FEET 
50 40 30 20 10 


a i 


CORONA~STARTING VOLTAGE 


starting voltages of number 8 cable 


humidity for eight hours 


Curve C—Cable to ground, vacuum 


Cable 4 was a preconstructed cable y 
three insulated wires covered 
bound Msc) with an outer | 


| The third was nee at 
The three opposite ends 

immersed in a small bottle of oil. 
Cable 5 was the common 220-ve 


adtcceeds 


Figure 3 shows cable-to-cable core na- | 
starting voltages for cables with 4 
moisture content as absorbed at room 


temperature and humidity. The te 


However, under controlled humiditi 
it took days for a cable to come to equilib- 
rium. Wide variations in humidity 
{ " 
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from day to day had small effect upon 
the corona-starting voltage. For refer- 
ence, the average humidity for the three 
days in which the tests of Figure 3 were 
run was 76 per cent. The important 
points to notice are that corona never 
appeared below 300 volts and that the 
220-volt lamp cord was decidedly su- 
perior to the airplane cables insofar as 
corona was concerned. The thicker in- 
sulation of the appliance cord was re- 
sponsible for its high corona-starting 
voltage. 
_ Figure 4 shows the effect of drying 
‘the number 8 cable by heating it under 
vacuum. The highest and the lowest 
curves on the graph were the extremes, 
the difference being a result of varying 
the moisture content from about zero 
‘to that absorbed in eight hours at 98 
per cent humidity. The cables were 
stored and tested in desiccators, were 
kept dry by heat and a drying agent, or 
were kept at 98 per cent humidity by 
the presence of CaSO, and water. 

The immersion in water of the number 
8 cable-to-cable sample caused the corona- 


' ALTITUDE— THOUSANDS OF FEET 
50 40. 30 20 10 0 


\" 


- CORONA-STARTING VOLTAGE 


PRESSURE—CM OF HG _ 
Figure 5. Corona-starting voltage of dry, 
- nonhermetically sealed capacitors s 
Curve A—One-mil paper dielectric, not sealed 
\ or impregnated ‘ 
Curve B—Two-mil paper dielectric, wax ims 
: - pregnated : 
Curve C—Two-mil paper dielectric, not sealed 
ms? or impregnated 


~ 


starting voltage to rise to 2,850 volts at 
76 centimeters of mercury. This voltage 
was higher than the corresponding 
voltage on the dry-cable curve. It was 
seen that as the moisture content of the 
cables was increased the corona-starting 
_yoltages passed through a minimum. 
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A few points on the curve, taken at 
room temperature and pressure, are 
shown in Table II, : 

Although it is probable that the 300- 
volt point is not the exact minimum, 
altitude and pressure have small effect. 
Therefore, if the cable has functioned 


_ satisfactorily at similar humidities at low 


altitudes, these tests indicate that it will 
continue to function satisfactorily at 
high altitudes. All cables showed similar 
variations with moisture content. 
Figure 4 shows the number 8 cable-to- 
ground corona-starting voltages. It would 
be expected from a consideration of the 
electric field that the values would be 
half those obtained when two cables 
were bound together. This was roughly 
the case when the cables were dry (com- 
pare curves D and C, Figure 4). How- 
ever, at room humidity both curves 
dropped toapproximately thesame values. 


Capacitors—Figure 5 and Table I 


A number of capacitors were tested at 
variable pressure. Typical data are 
shown by the three curves of Figure 5. 
Curves A and C were taken on capaci- 
tors which were prepared in a manner 


< 


* 


‘Figure 6. Meter-case back, two-inch diameter 


to include the most air voids possible. 
The paper was dry and not impregnated. 
The rolls were loosened to permit com- 
plete evacuation of the interior of the 
capacitor. Curve B was taken as a 
typical wax-impregnated sample. Upon 
the reduction of pressure, as the break- 
down strength of large air gaps dropped 
by a factor of five the breakdown 
strength of the air voids (the corona-start- 
ing voltages of the capacitors) dropped 


by as little as 20 per cent. The reason | 


for this action is given at the end of 
this paper in the section on. the di- 
electric strength of air. 

In order that the effect of moisture 
could be studied, four of the unimpreg- 
nated roll capacitors were dried for 48 
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Figure 7. Corona-starting and breakdown / 


also checked for corona. The bolts were 


’ 
‘ 


hours under vacuum and at 105 degrees 
centigrade. No change in the corona- 
starting voltages could be found. 

It appears that the operating voltages 
of low-voltage capacitors which are not 
hermetically sealed and which are to be 
used at high altitude will not have to be 
decreased by more than 30 per cent from 
sea-level operating voltages even if the 
capacitors contain large air voids. . 


Meter-Case Back—Figures 6 and 7 


A circular meter-case back (Figure 6) 
supporting two connecting bolts was 


s : 
ALTITUDE —THOUSANDS OF FEET 
50 40 30 20 10 Le] 


CORONA-STARTING OR BREAKDOWN VOLTAGE 


60 70 80 
PRESSURE — CM OF HG 


voltage between bolts through the meter-case 
Wr) back of Figure 6 


Curve A—Bolt heads not recessed 
Curve B—Bolt heads recessed 


mounted with an inch of separation be- ~ 
tween centers. In one test the heads and 
nuts were recessed; in the other they were 
mounted on plain surfaces. Because 
the curves for the two mounting methods — 
are essentially the same, there is no ad- 


-vantage from the corona and the low- 


pressure arcover standpoint, in recessing 
the studs. .... : vu 
Toward the high-pressure end of the 
curve, the ionization did not occur along — 
the surface of the base or through the © 
air between the studs. This fact was 
ascertained by immersing the base and — 
studs under oil after the data for Figure 7 
had been taken. Under oil the same 
corona-starting voltage was found at 
room pressure as was found in air. In 
fact the same type of curve of corona- 
starting voltage versus pressure was 
traced down to about 30 centimeters of 
mercury. The ionization actually oc- 
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curred in air which was trapped in the 
space surrounding the studs where they 
passed through the insulation. At lower 
‘pressures the position of ionization 


shifted until breakdown appeared be- 


tween the studs. Probably the point of 
this shift occurred at the knee of the 
curve. 


Parallel Studs Through Plane 
Surfaces—Figures 8 and 9 


Some additional data on studs through | 


plane surfaces were taken. Number 
_ 4/40 studs were screwed into a one-half- 


inch insulating block (Figure 8). They 
extended one-half inch above the sur- : 


face and were mounted perpendicularly 
_ in two spacings: one-fourth and three- 
eighths inch between threads. 
_ were brought out under oil through the 
_ bottom of the insulated plate (Figure 8). 
Figure 9 shows the curve of breakdown 
versus pressure. The only value of the 
-corona-detection device in this test was 
to show that there was no corona before 
' breakdown. 
As corona was not pone work 
along this line was thought to be outside 
of the scope of this report. Obvious weak 
_ points in the data were therefore not 
_ removed. For example, it was found that 
\ the breakdown voltage depended upon 
_ the sharpness of the edges at the top of 
the studs. 
ay one arcover with a 20,000-ohm resistor 
x - in series was sufficient to raise the break- 
. down voltage by 20 per cent. This effect 
' Seed is present in the data of Figure 9. 


. Flawe 8. Parallel studs through insulating 
_ surfaces 


The conclusion can be drawn that there 
will be no problem with corona on studs 
at practical spacings. 


. 


_ Needle Gaps—Figure 10 


From the standpoint of corona, the 
worst electrode configuration that can 
exist is that of collinear needles facing 

point to point. For this reason number 8 
needles at one-eighth-inch and one-fourth- 
inch spacing were checked for corona as a 
function of pressure. At high pressures 
corona occurred before breakdown; but, 
as shown on Figure 10, at low pressures 
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The tip melting caused by 


Theleads | 


4 


BREAKDOWN VOLTAGE 


ALTITUDE —THOUSANDS OF FEET 
30 


50 40 20.5 Aro dO es ois 


0 10° 20 30 40 50 60 70 60 
PRESSURE—CM OF HG 
Figure 9. Breakdown voltage of the parallel 


studs of Figure 8 


Curve Beane: fourth-inch spacing between 
threads 

Curve B—Three-eighths-inch spacing hoo 
threads 


breakdown occurred without first showing 


corona. 


OA high altitudes the random ioniza- 


tion is much greater than at sea level. 


To increase the number of ions in the. 


test chamber, radium (1.8 micrograms) 


_ was placed four inches away from the gap. 


The effects of the radium were to reduce 


the time between pulses of corona, to 
reduce the short-time breakdown voltage 


of the gaps, and to make the breakdown 
and corona-starting voltage more exactly 
reproducible. 
one minute step-ups, the corona-starting 
voltages being defined as the voltage at 


which the first isolated pie of corona 


occurred. 


It may be concluded that at ee ee 


above one-eighth inch no corona will be 
encountered in any electrode configura- 


tion at or near 208 volts. - 


Cantatiiiation of Surface Between 
Studs 


Data were taken on the contamination 
of the plastic surfaces between the studs 
of Figure 8. The same conditions of 
test were used, care being taken to keep 
oil from the surface by cleaning with 


- Solvatone. The object of this section of 


the work was to see if corona or high- 
frequency discharges could DoeSNy, be 


_ produced below 208 volts. 
Data were taken with 1/3. inch of dry. 


dust lying on the surface. As in Figure 
9, no corona appeared before breakdown, 
and the breakdown values were not 
lowered by the presence of the dust. 
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-as the pressure was varied frot 


charge voltage rose to 1, 700 vol 


All data were taken*in | 


CORONA- STARTING OR BREAKDOWN VOLTAGE 


Mm 


Paper-Pyranol.. oar aia &. 
Mich $55 5 steht iam a tala aenieve re : 4, 2100) 
Unimpregnated paper....,.... 100... 


open pan ofy warm water was, ie 
desiccator. _ The viene was 


water boiled fea, dépoditing a th 
uneven layer of moisture on eve! 
in the. desiccator. High-freque 
charges appeared at from 500 to 70 


evaporated from the surface, 


centimeters. ; 
At ees: above four centi 


sole at various pressures. No ct 
could be plotted because the presst 
less effect. than did random chan 
the moisture. 

Finally, dust was Pe to ae 
on the surface, forming a mass o: 


ALTITUDE—THOUSANDS OF reer 
50 40 30 20 } " 


DOTTED Lie mconanl me. 
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Figure 10. Corona-starting and breakdown n 
voltage of needle gaps a 


Curve A-One signee gap 
Curve 8 —One-fourth-inch gap 4 
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Figure 11. Breakdown strength of air at small 
spacings between rounded-edge, brass disks 
Curve A—0.0004-inch gap 
Curve B—0,0092-inch gap 
Curve C—0.008-inch gap 
Curve D—0.040-inch gap 


about !/3. inch thick. With this artifice, 
corona-like pulses appeared as low as 
80 volts. A 4.5-volt Wheatstone bridge 
indicated a resistance of 74,000 ohms. 
Table III shows the type of variation 
found. deat. 

It is seen that these low values would 
probably cause trouble in the 208-volt 
system where they would not have af- 
fected the 28.5-volt d-c system.. Be- 
cause the effects of contamination were, 
as far as could be detected, nearly in- 
dependent of pressure, it is probable 
that no corona difficulties will be intro- 
duced by the change from sea level to 
50,000 feet. 


The Dielectric Strength of Air as a 
Function of the Geometry of 
Electrodes 


Figure 5 reveals an unexpected phe- 
nomenon, As shown by M. J. DeLerno,! 
the dielectric strength of air drops to one 
fourth of its sea-level value at about ten 
sentimeters of mercury. However, the 
Sreakdown strength of the air gaps in 
fable Il. Corona-Starting Voltage of Number 
3 Cable-to-Cable Sample Versus Moisture 


Content 
— i 88888888SSSSSSSS:8500—SSs—qoannmniananws_ 0 oa 
Corona- 
Starting 
Conditions Voltage 
= ; : 
Dried by heat and drying agent.........--. 2,500 
BERET CIEY:. «0c a cu cg.s «bo ecolate jet oie si mete oa 


8 per cent humidity for eight hours........ 
8 per cent humidity for 76 hours.......... 1,400 
mmersed in distilled water one minute..... 2,800 
immersed in distilled water 60 minutes..... 2,850 
ee 


i¢ 
{ 
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Table Ill. Effect of Water on Dua-Covered 
Surface 


Pressure—cm A / 
t Mol Hasty. e (a7. AO. 1G6,15080.5. AL7. 3738.7 
Corona-start- 


ing voltage.. 192..130.. 125.. 137.. 105.. 80 


the capacitors remained almost inde- 
pendent of pressure over this range. An 
examination of the literature of the 
sparking potential of air yields the fol- 
lowing very probable reason for this 
apparent inconsistency. 

In 1892 J. B. Peace,’ working with J. 
J. Thomson, obtained data for the curves 
that are replotted on Figure 11. On this 
graph it is shown that at very small 
spacings, such as at 0.0004 inch, the di- 
electric strength of air is not affected 
greatly by large changes of . pressure. 
In fact the shapes of these curves are 
very similar to those of the corona curves 
of Figure 5. i 

Figure 12 shows the position of the 
air gaps where most corona occurs in 
capacitors. This position is known be- 
cause corona markings are left on the 
paper. Below the corona:starting voltage 
the voltage across such a gap is a defi- 
nite quantity, proportional to the total 
applied voltage and determined by the 
capacitor-divider effect of the dielectrics 


' CORONA IN AIR GAPS 


Figure 12. Section of capacitor showing 
‘position of corona at foil edge 


in series. The gap is bound at each end 


by solid barriers and is, subjected to an 


electric potential. The thickness of the 
metal foil is 0.0003 inch, and the break- 
down path must be of comparable length. 


Therefore, the sparking potential of © 


these gaps (and the corona-starting volt- 
age of the capacitors) should, and do, 
show the same small dependence upon 
air pressure as did the 0.0004-inch and 
0.002-inch gaps of Peace’s data. 

It becomes apparent that increasing 
the altitude has less effect upon the 
corona-starting and the breakdown volt- 
ages of small air gaps than large. The 
maximum effect of altitude is realized 
for large-plane parallel gaps where the 
pressure and the breakdown voltages are 
approximately proportional. The mini- 
mtm effect of altitude is realized in 
small air voids, such as in capacitors, 
where the breakdown and the pressure 
are nearly independent. An intermediate 


case is shown in Figure 9 on parallel 


studs where the variation of breakdown 
is less than proportional to pressure. A 
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second intermediate case is shown by 
curve D, Figure 4, on dry cables. The air 
gaps between the cable insulations are 


relatively large in comparison with the 


capacitor air voids, and the corona-start- 
ing voltage is more dependent upon 
pressure. ay 

An interesting fact found by Carr® 
is that with uniform fields the sparking 


potential of air, regardless of its gap spac- 


ing, temperature, pressure, or random 
ionization, will never fall below 351 
volts (the fields of Figure 11 were not 
quite uniform). 


the following statements: “A spark will 
not pass below about 275 volts in air no 
matter what the conditions. It is most 


Covering more recent 
work by various observers, Loeb’ makes 


important to realize that the minimum — 


sparking potential exists and that below 
This fact is — 
sometimes overlooked in practical ap- 


it a spark cannot pass. 


plication.” By the word ‘‘conditions” 


he refers to the pressure, the tempera- 
ture, the random ionization of the air, — 


and the spacing and shape of the elec- 
trodes. If the temperature of the elec- 
trodes rises sufficiently to cause thermi- 


onic emission, such asin vacuum tubes or 


in restriking a-c arcs in circuit breakers, 


the air will permit the incidence of an YW 
electric current far below the 275 volts 


mentioned. 


voltages. It is seen that neither corona 
nor breakdown will occur in air below 
about 195 volts rms. 


An additional interesting point arises” 


from the foregoing data. At high alti- 


tudes corona and breakdown in a capaci- 


tor which is safely rated for sea-level 


operations are more likely'to occur around 


the bushings and internal leads to the ~ 


Eran 
Niel 7 


BRR Bic 


PRESSURE— GM OF HG 


10 20 30 40 50 
ALTITUDE — THOUSANDS OF FEET 


Figure 13. Change of atmospheric conditions 
with altitude 
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bushings than in the capacitor rolls. If 
the capacitor is completely filled with a 
liquid dielectric, or if it is gas filled and 


~ well sealed, the reduction of pressure with 


altitude will reduce the electric strength 
of only the external portions of the bush- 
ings. However, if the internal leads are 
in air and the pressure of that air drops 


with altitude, an unsafe condition may 


exist. Imagine a capacitor consisting 
of, for example, ten series sections of the 
roll of Figure 5, curve A. Even if the 
capacitor were not hermetically sealed, 
the corona-starting voltage of the rolls 


_ in series would remain fairly constant at 
about 3,000 volts, which is ten times the. 


corona-starting voltage of the single roll. 


- However, the breakdown voltage of the 


= 


bushings and of the internal leads (if in _ 


air) would drop to below 351 volts if the 


. pressure were reduced sufficiently. 


Corrections for Low Temperatures 
at High Altitudes 


High-altitude conditions were approxi- 
mated by use of the data of Figure 13. 


_ The dotted portion of the temperature 


curve represents a rough average of the 
variable temperatures which occur in that 
region. No attempt was made to re- 
produce the low temperatures of high 
‘altitudes because Paschen’s law, as 
stated by Cobine,* makes it possible to 
perform tests in air at room temperature 


which are equivalent to tests at other 


temperatures. Paschen’s law states 
mathematically that for any given elec- 
trode configuration, changes in the tem- 
perature and pressure of the air will not 
change the sparking potential (the writer 
adds corona-starting voltage) unless they 


change the density of the air. ‘The den- 


sity of the air is proportional to the ratio 
of pressure to absolute temperature, and 
if this ratio stays constant the density 
will stay constant also, Thus, two tests 
will be equivalent and will yield the same 
corona-starting or breakdown voltage in 
air if 


Pa/Ta=Pe/Te (1) 


where Pa, Ta are the absolute pressure 
and temperature of the application con- 
ditions, and Pe, Te are the absolute pres- 
sure and temperature of the equivalent 
fest. y 

All tests were run at about 25 degrees 


centigrade, or 298 degrees Kelvin (Te= 


298). Therefore the corona or breakdown 
values for any electrode configuration in 
air at any altitude (or at any moderate 
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temperature and pressure) may be found 
from room temperature data by substitut- 
in the pressure Pa and temperature Ta 


for that altitude in the following ex- 


pression: 
Pe=298( Pa/Ta) (2) 


The corrected voltage can be taken from 
the room temperature curve at pressure 
(Pe). Inthis manner the curve of equiva- 
lent pressure at 25 degrees centigrade, 
plotted on Figure 13, was obtained. 
The equivalent altitudes shown on the 
graphs were, in turn, taken from this 
curve. ‘ 

_ For example, at 35,000 feet the tem- 


perature averages minus 54.3 degrees 


or 218.7 degrees Kelvin 
(Ta=218.7). The pressure averages 18 
centimeters of mercury (Pa=18). The 
substitution of these values in equation 
2 yields an equivalent pressure of 24.6 
centimeters of mercury. The effect that 
this low-temperature correction has on 
corona-starting or breakdown voltages 
depends upon the shape and spacing of 
the electrodes. For large-plane parallel 
gaps, the change in voltage would be pro- 
portional to the change in pressure. 
The breakdown voltage would be in- 
cteased by the ratio of 24.6 to 18, or by 
36 per cent.’ 
parallel studs of Figure 9 the increase 


centigrade, 


would be from 3,700 to 4,400, or by 20 per ~ 


cent. In the capacitor of curve A, Figure 
5, the increase would be from 285 to 292, 
or only 2.4 per cent. It is interesting to 
note that on curve B of Figure 5 and on 
curves A and B of Figure 11 the lowering 
of temperature at 60,000 feet decreases 
the corona-starting and breakdown volt- 
ages. Thus, it cannot be said that data 
taken at high-altitude pressures and at 
room temperature are always conserva- 
tive, though this is usually the case. 


Conclusions 


1. Two tests revealed corona-like disturb- 
ances at voltages low enough to approach 
208 volts. The tests were on moist con- 
taminated surfaces and on moist aircraft 
cables. Therefore, conditions of high mois- 


_ture in the 208-volt 400-cycle electric system 


should be avoided or investigated by means 
of life tests, 


2. The low! corona-starting voltages were 
nearly independent of pressure. Therefore, 
the change, from steady-state operation at 
sea level to steady-state operation at 50,000 
feet will produce no difficulties with corona 
in the proposed system. 


8. The change in frequency from 60 to 400 
cycles per second will produce no apprecia- 


On the three-eighth-inch — 
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| Polarized-Light Servo System 


T.-M. BERRY. 


ASSOCIATE AIEE 


Synopsis: A new servo system has been 
developed in which the connecting link be- 
tween the primary and secondary shafts 
is polarized light whose plane of polarization 
rotates with the primary shaft. This makes 
possible the accurate following of the rota- 
tion of the primary shaft without any load 
being imposed on it. This servo system 
has been applied successfully in several elec- 
tro-mechanical calculating machines. 


@ERVO mechanisms or follow-up sys- 
tems are used in many recording and 


control devices to amplify small forces or — 


torques so that the motion of a heavily 
loaded output mechanism will correspond 
closely to the motion of a very low torque 
input element.1—° 


Polarized-Light Follow-up System - 


In an electromechanical calculating 
machine, it was desired to control the 
motion of an output mechanism to cor- 


Schematic diagram of polarized- 


Figure 1. 
“ light servo system 
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respond closely to the rotation of a small 
integrating wheel which rolled on the 
surface of a revolving turntable. 

The requirements, not fully met by 
existing follow-up systems, were: 
1. The follow-up system must impose no 
load or restraint on either the integrating 
wheel or its bearings. 
2. It must permit free axial movement of 
the wheel, 
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3. It must operate to follow continuously 
the rotation of the wheel in either direction. 


4, It must be able to follow rapid accelera- 
tions and decelerations of the wheel. - 


To fulfill these requirements, a servo 
system was developed which makes use 
of polarized light* as the connecting link 
between the input and output mecha- 
nisms. i 


Principle of Operation | 


The principle of operation of the. 


polarized-light servo system is shown dia- 
grammatically in Figure 1. In this sys- 
tem a small integrating wheel rolls on 
the surface of a turntable, at an ad- 
justable radius 7. Ao 
Attached to the same shaft (primary 
shaft) and rotating with this shaft and 
integrating wheel is a light polarizing 


LAMP +B 


\74< PRIMARY SHAFT 
, INTEGRATING 
WHEEL 


eS ee 


disk or primary polarizer. Two beams of 
light (A and B) passing through the 
primary polarizer are polarized similarly, 
and the plane of polarization rotates as 
the primary shaft rotates. 

A secondary shaft is, in effect, coupled 
to the primary shaft by means of these 
two rotating beams of polarized light in 
the following manner. The two beams of 


light fall on two phototubes after each’ 


has passed through a separate secondary 
or control polarizer: These two second- 
ary polarizers are attached to the second- 


ary shaft in such a manner that their - 


planes of polarization are at right angles 
to each other. 
When the primary polarizer is oriented 


so that its plane of polarization is half 


way between, or at an angle of 45 degrees 
with both of the secondary polarizers, 
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4 


_ phototube. 


Figure 2. Simplified schematic diagram of 
control circuit for polarized-light servo system 


equal amounts of light will strike both 
phototubes. If the plane of polarization 
is not at 45 degrees to both secondary 
polarizers, unequal amounts of light will 
strike the phototubes. Thus, if the 
primary polarizer is rotated from balance 
a small amount in one direction, the light 
on one phototube is reduced because the 
angle between the two polarizers in that 
beam becomes more nearly 90 degrees; 
at the same time, the angle between the 
planes of polarization in the second beam 
becomes more nearly zero, with a cor- 
responding increase in light on the second — 
If the primary polarizer is 
rotated in the other direction, the light 
beams are unbalanced in the other direc- 
tion. 

The unbalanced output of the photo- 
tubes is amplified and controls the speed 
and direction of rotation of the servo- — 
motor, and thereby the secondary shaft 


‘and polarizers, to keep the light on the 


phototubes always at or near balance. 
There are four positions of the primary 
shaft with respect to the secondary shaft — 
where the light beams may be balanced. — 
Only two of these positions, however 
will give a condition of stable balance. 


Once the condition of stable balance has 
been established it is maintained, and the 
secondary shaft will rotate with the pri- 
mary shaft in either direction within the 
allowable limits of speed, acceleration, 
and load as determined by the motor and 
amplifier characteristics. 

The axis of the primary shaft is held 
by bearings parallel to the plane of the 
turntable surface. For changes in radius 
of contact of the integrating wheel, the 
primary shaft and polarizer can be moved 
axially along the two light beams without 
materially affecting their balance. 


Electronic Circuit 


Figure 2 is a simplified schematic dia- 
gram of the control circuit. The two 
light beams fall on. phototubes P; and 
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_ P which form two legs of a bridge circuit 
comprised of Ri, Rs, and the resistances of 


the two phototubes. The voltage un- 


_ palance of this bridge is applied between» 


grid and cathode of vacuum tube 1. 
This tube together with tube 2 and re- 
__ sistances Rz and Ry form a second bridge 
circuit whose output is applied to the 
: - grids of two thyratron tubes 3 and 4. 
supplied from the 60-cycle power source 
 \ through transformer 7», flow through a 
bY split field series motor to control its 
speed and direction in response to un- 
balance of the light beams A and B. 
‘ _ Asmall d-c generator is attached to the 
s shaft of the motor, and its output voltage 
is applied through a capacitor C, between 
i the grid and cathode of tube 2. The 
ry voltage e generated by this generator is 
_ proportional to the speed w of the second- 
ary shaft. For the frequencies encoun- 
te tered, the current through C, and there- 
‘F _ fore the voltage across the grid resistor of 
tube 2,is proportional to de/dt and is there- 
fore proportional to dw/dt the acceleration 
of the output shaft. Thus, the condition 
_ of balance of the two light beams is antici- 
pated, and the system is stabilized and 
remarkably free from the hunting or 
oscillation vane! experienced i in servo 
systems. : 
_-It will be noted that a single lamp is 


‘i 
i 


+ 

_ 

a 
7h 


« 


> 2. 2 ag « 


light so that any changes in the light 
output due to aging, darkening of the 
bulb, and input voltage affect equally 
the light falling on both, phototubes, 
causing no unbalance of the system. 
The bridge circuits employed also make 
the electronic circuits relatively free of 


unbalance because of supply voltage. 


fluctuations. 

The torque-angle characteristics of the 
polarized-light servo system are de- 
pendent on the characteristics of the 
amplifier and motor. 
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The anode currents of the thyratrons, 


used as a light source for both beams of 


Within operating 


 - 


Figure 3. Polarized- 
light servo system 
for integrating pres- 


limits the torque is approximately pro- 


portional to the relative angular dis- 
placement of the light polarizers at any 
given speed. Series-motor . characteris- 
tics make possible very high torques for 
rapid acceleration and deceleration. No 
accurate measurements of maximum 
accelerations and decelerations have been 
made, but it is estimated that the primary 
shaft can accelerate or decelerate at 2,000 
rpm per second or more before the second- 
ary shaft will drop out of synchronism. 
Speeds as high as 1,500 rpm have been 


used, but this is not necessarily the upper, 


speed limit. 

_ The secondary shaft will follow the 
ptimary shaft in angular position with 
an accuracy of plus or minus one or two 
degrees. This accuracy will be affected 
by nonuniformity of polarization in ‘the 
polarizers and nonuniformity of light 
transmission through them. Since the 


Figure 4. Integrator 
unit (without cover) 
for automatic in- 
tegrating — pressure 
traverse —_ recorder. 
Rear view 
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sure traverse recorder’ 
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a minimum. 


le” es 
ee Vian we as 


en Cte 4 
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ce respect t to penta 
maximum. Therefore, the mek ertors 
due to variations in the polarizers ar ea 


Applications a 


INTEGRATION 


letter onthe ieboliied intege 
Refer to Figure 1; the radius 7 at 
the integrating wheel rolls on the tt 
table is variable by means of a cam 
screw and represents theintegrand. 

If 0 is the ae epee ia o 


pis pee to iar rd0. 
p=kfrdo ; 
The eee isp a 


4 


te primary shaft aad tery 
and since considerable power i: 
able to drive this shaft, it can be: aded 
to drive other calculating and reco 
mechanisms. |The Rae: 


shaft herstee of ead of the ) 
shaft, the integrating wheel rolls on 
turntable wait ong s ( 


Figure 3 shows a polarized-light servo 
stem as used in the new General Elec- 
ic integrating pressure traverse re-— 
rder, a specialized calculating machine 
hich employs two follow-up systems as 
tegrators. The phototube amplifier is 
pped down to show its construction and 
e secondary polarizers. 

The secondary shaft is at right tes to 
ie primary shaft, and the light beams 
e changed in direction by means of 
irrors. The phototube amplifier for 
le second integrator is shown at the 
wer right in operating position. 

Figure 4 displays the same machine 
hich shows the cams for moving the 
tegrating wheels on the turntables. 
he driving motors and thyratron con- 
‘ols are on the shelf above the turntables 
meeams,. 

Figure 5 is a front view of the calcu- 
ing and recording unit of the integrat- 
ig pressure traverse recorder which is 
sed by the research section of the 


Jeneral Electric turbine engineering 
jivision in its air test laboratory for 
studying flow phenomena through tur- 
ine passages. 
egrated values will check each other 
within 0.01 per cent on repeated integra- 
tion of the same function. ‘These errors 
san be due largely to mechanical toler- 
ances. This indicates that the slippage 
of the integrating wheel on the turntable 
is extremely small. 

A special integral recorder on this de- 
vice makes possible the reading of in- 
tegrated values to the precision required 
lor ‘such measurements. 

‘Figure 6 shows the General Electric 
differential analyzers which is used in 
solving problems involving the use of 
differential equations. This machine has 
fourteen integrating units, each with its 
polarized. -light servo system. 

- 4 
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In this machine the in- 


SPEED MEASUREMENT | 


In another application a variation of 


‘this servo system has been used to 


s 


measure accurately over a wide range the 
speed of a large rotating machine. The 
turntable is driven at a constant and 
accurately known speed by a synchro-: 
nous motor from a regulated frequency 
source. The secondary polarizers are 
driven by the machinery whose speed is 
to be measured and thé wheel is positioned 
on the turntable so that it follows the 
secondary polarizers; thus the radius of 
the wheel on the turntable is an accurate, 
measure of the unknown speed. Speed 
measurements have been made to 0.025 


- per cent accuracy for primary shaft speeds 


up to 1,300 rpm. 


DIFFERENTIATION ' 


In the measurement of speed as already 
described, the servo system is actually, 
used as a differentiator in which the angu- 


Figure 5. Integrator unit for 
-automatic integrating pressure 
traverse recorder 
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lar displacement of the secondary polari- 
zers p’ may be expressed by the equation: 
o’ = Sf wndt 


where w, is the angular velocity of the | 
control polarizers. 

The angular displacement of the pri- 
mary polarizer p is cepriesee by . Ue 


= =k f rd0 | : ; + 
dO =a ; 4 


where ws: is the angular velocity of the 
turntable, 


dO = cxodt 
If p = p’, then ‘ y 
dp mdacmiit=s hawt ) a 
‘and i 
dp’ dp b “ch 
— rr —— oe — Tr 
iw dtin Whcod e; ‘3 
Since ws is constant . 
a, 
dt od 


When used as a differentiator, the 
servo system is inherently oscillatory, 
but by taking the proper steps the os- 
cillations can be highly damped. 


Conclusions veel 


The new servo system using plane 
polarized light as the interconnecting 
link between the primary and secondary 
mechanisms makes possible the driving 
of heavy loads with accurate following of = 
primary shaft without imposing, any re-— 
straint or reaction upon its motion, either _ 
in the direction of rotation or ssiatty 


Figure 6. Differential analyzer showing 14 — le 
integrator-unit assemblies 
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Electric-Circuit Burning-Clear and Damage 


Phenomena on Aircraft Structures 


C. M. FOUST 


MEMBER AIEE 


Synopsis: Normal and continuous per- 
formance of electric circuits is a prerequisite 
to the effective use of airplanes. 
short circuits which result in the loss of 
power for vital control operations or which 
‘cause fires are definite hazards. The ex- 
tensive use of the 28.5-volt d-c aircraft 
systems, the proposed 120-volt d-c system, 
and the consideration being given a three- 
- phase 120-208-volt a-c grounded neutral 
system for high-altitude planes necessitated 
an investigation into the burning-clear and 
damage phenomena on ail circuits. Short 
circuits were applied on an aluminum-alloy 
section of an airplane, and oscillograms of 


short-circuit current and voltage taken. In ~ 


both the a-c and d-c systems it was found 
that the fault-damage and burning-clear 
phenomena depended upon the energy level 
in the short-circuit area. When the contact 


area between the conductor and aircraft 


structure was small, the energy level was 
high, and the fault burned itself clear. In 
such cases the aircraft structure was per- 
forated. Increase in contact area and a 
consequent reduction in energy concentra- 
tion resulted in a sustained fault current. 
In some of these cases a definite welding of 
the conductor to the aircraft structure oc- 
curred, while in others no burning took 
place. | 


The General Problem . 

T is generally accepted that the correct 
B performance of the electric system is 
vital to the effective use of an airplane. 
Electric-wiring faults, such as short cir- 
cuits resulting from gunfire or other 
. Causes, may result in faulty control or fire 
hazard. Experience has shown that on 
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J. G. HUTTON 
~NONMEMBER AIEE 
the commonly used 28.5-volt d-c systems 
such short circuits are often self-clearing, 
and serious consequences do not result. 


However, this is not always the case, and 
it is possible that a significant number of 


airplanes have not returned from the com- ~ 


bat area because of damage to the electri- 
cal system. Accordingly, it was felt ad- 
visable to investigate the conditions under 


24 VOLT BATTERIES 


ils 


REGULATOR 


Figure 1. Avircraft electrical system as ieeren 
for burning-clear tests 


which faults may be expected to clear and 
to determine the magnitude of current 
and length of time required to cause seri- 
ous damage to the aircraft structure when 
| a short circuit occurs. 
nized that, in practice, where circuit pro- 
tection is used the fault duration and 
damage may be limited by this pro- 
tective equipment which would remove 
the faulty circuit from the system. Such 


Several applications have been made in 
integrating and differentiating unit of 
special electromechanical calculating and 
measuring devices for solving complicated 
problems accurately and quickly. 
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It should be recog- 


protection was not us 
they were intended to sho 


not oe Circuit pro’ 
cussed in a companion paps 
Since consideration is ee 


a-c grounded neutral system 

to ground), and to a 120-volt 
similar investigations using s 
systems were carried out. 


The Investigational Method — a 


The basis of the investigatio: 
series of direct full power short- 
tests made i in 1 the saberniaiy, with 


airplane such as the ‘Flying F 
and is, as nearly as is possible, a « 
of the actual system. Each of 
Pi aircraft generators (200 amper 
volts) was driven by a ten-horse: 
3,600-rpm induction motor sup 
a i Seg, source. 


CURRENT 
LIMITING INSULATED 
REACTOR SS / CONDUCTOR 


-|20 VOLTS 
400 CYCLES 


ALUMINUM ALL 
Figure 2. Arrangement of test sa 


single phpte arenes 400-cycle 
clear tests ac 


Three sutietes a bes patie 
the generators by means of s 
switches. Time, current, and vol 
values for each short circuit were | 
mined by means of an automatic 
netic oscillograph.” 

As a test specimen representative 
aircraft structure, part of a wing : 
and nacelle of a “Flying Fortress 
used. To this was attached the ne 
terminal of the supply system. The 
tive terminal of the system was con: 
through a contactor to a length of 
aircraft cable, one end of which res ed | 
pendicularly on the aircraft 
short circuits were applied by sie tf 
pees The position of the: conduet 
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as chosen because cables running parallel 
) the aircraft fuselage and subsequently 
vered by gunfire can be bent so as to 
ntact. the structure perpendicularly. 
he effects of a short circuit brought 
bout in this way are the most severe. 

With the generators operating at 3,000 
om and an open-circuit voltage of 28.5 
olts, and at first with no batteries 
1 the circuit, short circuits as previously 
1entioned were applied to various 
sections of the aircraft structure by 
losing in the line contactor. The 
upply system was then augmented by 


fie battery, then two, and finally three ~ 


atteries in parallel with the generators 


\ 


structure and cable were covered with a 


bell jar which was evacuated to a pressure 
corresponding to the required altitude. 
Data on the 120-208-volt a-c system 
were obtained in the course of separate 
tests in which power was obtained from 
three single-phase transformers supplied 
by means of a motor generator set. A 
diagram of connections for single-phase- 
to-ground faults is given in Figure 2. 
Variations in current level were obtained 
by means of taps on air-cored reactors con- 
nected in series with the transformer and 
by connecting two or three transformers 
in parallel. The current range investi- 
gated was selected to cover the possible 


altitude of 40,000 feet, and to generator 
end shields of magnesium alloy. 


Analysis of Results 


Both the d-c and a-c tests brought out 
very decisively that there are two widely 
different results of short circuit; these are 
referred to in the following as ‘“‘self- 
clearing” and “‘weld.” By the former is 
meant melting and vaporizing of the 
metal in the vicinity of the short-circuit 
area and its explosive expulsion from the 
arc, resulting in a complete clearance of 
the short circuit. A weld takes place 


nd the tests repeated. number and sizes of generators operating when only sufficient energy is involved in 
Table I 
Num- 
ber of Number System Con- 
Gen- of Current dition Prior to Cable Size 
Test System _ erators Batteries (Amperes) Short Circuit Type of Material (Number) Insulation Altitude Results 
hort circuit 28.5-voltdirect Four None. Up to No load 0.020-inch to 1/8- 1/0 Deltabeston Sea level Self-clearing 
current , 4,500 ta _ inch Al (alloy) and sus- 
\ tained 
hort circuit 28.5-voltdirect Four One © Up to No load '0.020-inch to 1/8- 1/0 Deltabeston Sea level Self-clearing 
- current - _ 4,500 Al (alloy) and sus- 
‘ : ; tained. 
Short circuit 28.5-voltdirect Four Two Up to No load 0.020-inch to 1/8- 1/0' Deltabeston Sea level Self-clearing | 
current 4,500 inch Al (alloy) and  sus- 
= : : . tained 
Short circuit 28.5-voltdirect Four Three Up to No load 0.020-inch to 1/8- 1/0 | Deltabeston Sealeveland Self-clearing 
a current ? 4,500 inch Al (alloy) 40,000 feet and  sus- 
‘9 : t A ae / ; tained © 
Short circuit 28.5-voltdirect Four Three Up to Loaded 0.020-inch to 1/8- 1/0 ._Deltabeston Sealeveland Self-clearing 
current qs 4,500 J inch Al (alloy) 40,000 feet and sus- 
' , ; 5 tained 
Short circuit 28.5-voltdirect Four Three Up to Noload. Resist- 0.020-inch to 1/8- 1/0 Deltabeston Sealeveland Self-clearing 
: current 4,500 ance added to inch Al (alloy) 40,000 feet and = sus- 
. i external circuit tained 
Short circuit 28.5-voltdirect Four Three Up to No load 0.020-inch to 1/8- 1/0 Deltabeston, glass- Sealeveland Self-clearing 
ae current 4,500 inch Al (alloy) cotton, 100. per 40,000 feet and stus-— 
= é cent glass tained 
Short circuit 120-volt direct — — Up to No load 0.020-inch to 1/8- 1/0 Deltabeston Sealevel and Self-clearing 
= current 2,000 inch Al (alloy) 40,000 feet and sus- 
a: he. 5 . tained 
Short circuit 120-volt 400 — y— Up to No load 0.016-inch to 1/4- 16to1/0 Deltabeston Sealeveland Self-clearing 
; cycles alter- 2,500 inch Al (alloy) 40,000 feet and sus- 
- F nating cur- \ tained ‘ 
: rent - 
Short circuit 120-volt 400 — — Up to No load 0.010-inch Mg 1/0 Deltabeston Sealeveland Self-clearing 
sf cycles alter- 2,500 40,000 feet and sus- 
nating’ cur- tained 
rent 
Short circuit 120-volt 400 — —_ Up to No load id Mg end shields 1/0 Deltabeston Sea level and Self-clearing 
~ cycles alter- 2,500 7 40.000 feet. and sus- 
a - nating cur- © tained 
; rent , 
Short circuit, 208-volt 400 — —_ 3,700 No load Copper to copper 16to1/0 Deltabeston Sea level and Self-clearing 
—" i eycles alter: : ; 40,000 feet and sus- 
t nating cur- tained 
a rent \ f . 5 
Gunfire 24-volt direct — 1,500 am- Up to No load 0.016-inch to 1/8- 16to1/0 Deltabeston, glass- Sea level Self-clearing 
Be current peresca- 1,500 inch Al (alloy) cotton, 100 per and sus- 
pacity cent glass tained 


_A considerable number of tests was 
cartied | out with three batteries in the sys- 
tem, and the effects on the short circuit 
of load on the system, of increased short- 
circuit resistance, and of simulated high 
altitude were investigated» For the alti- 
tude tests a small section of 0.020-inch 


aluminum alloy and a piece of 1/0 cable 


touching the alloy perpendicularly were 
set up on a platform to which supply 
terminals thad been connected. The 
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in parallel on certain aircraft systems. 

Using | 0.020-inch and 0.25-inch alumi- 
num. alloy, short circuits as in the fore- 
going were applied at different current 
levels and with various sizes of conductor. 
Similar tests were carried out in a steel 
chamber evacuated to a pressure corre- 
sponding to an altitude of 40,000 feet. 
Further short circuits were applied to 
0.10-inch magnesium alloy, at sea level 
and at a pressure corresponding to an 
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the short circuit to result i ina permanent 
connection between the conductor and 
airplane structure. 

Oscillograms -representative of self- 
clearing and weld faults are given in 
Figures 3 and 4, respectively, for the d-c 
system, and in Figures 5 and 6, respec- 
tively, for the a-c system. Figure 7 
shows the progress of a typical short cir- 
cuit while Figure 8 is illustrative of the 
damage to the aircraft structure as a re- 
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sult of short circuit. Table I summarizes 
the test program and test results. 
28.5-Vott D-C SysTEM 


(a) Effect of Battertes. Although 


- the electric supply system of the ‘“Flying 


Fortress” airplane consists of four gen- 
erators and three batteries in parallel. it 
was felt advisable to study the effect of 
varying the number of batteries. The 
results here compared with the general 
trend of results throughout all the tests. 


Whenever the contact pressure between 
the cable and aircraft structure was 


such that only a few strands of the cable 


touched the aluminum alloy, whether the 


latter were skin, bulb angle, or rib, the 


A. 60-cycle timing wave 


B. Voltage wave _ 


off a a rey wave 


Figure 3. Ojcillogram Aheviag self-clearing 
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d-c fault 


‘ 
Pag 


Time of short circuit 0.12 second. Maximum 
Maximum voltage. 


current 2,750 amperes, 
ae ; 49 volts 


fault was self-clearing and often accom- 


panied by heavy arcing and explosive 


x scattering of molten aluminum-alloy 
particles. In most cases the fault did not 


burn clear until the structure was per- 
forated. However, there were instances 
when the cable melted at a sufficiently 
high rate to open the circuit before the 
perforation was complete. 

With the pressure between the cable 
and airplane structure such that the con- 
tact arc was large, the short circuit was 
continuous and did not burn clear. In 
some cases a weld was produced while in 
others there was no visual damage either 
to cable or aircraft structure. As the 
number of batteries increased, a greater 


pressure was required to produce a short. 


circuit which would not burn clear. 


When the contact is light, only a few 
strands of cable form the short circuit — 
‘with the airplane structure. 


Thus at 
the instant of establishment of the short 


‘circuit, the concentration of energy is 


‘ 0 Via 


extremely high, causing the copper and 
aluminum alloy to melt superficially and — 


an arc to strike This arc continues until 


the fault clears either because of a struc- 
tural perforation, or because of oe 


melting of the cable. 

If the contact pressure between cable 
and structure is high, the contact area is 
much larger and, therefore, the energy 
concentration greatly reduced. In gen- 
eral this energy concentration is insuffi- 


- cient to cause initial melting of the cable 


or aluminum alloy, and no arc results; the 
fault is continuous and sustained. The 
ampere capacity of the system increases 
with an increase in the number of bat- 
teries and, therefore, for the short-circuit 
energy concentration to be maintained 
at a level low enough to cause continua- 
tion of the short circuit, a greater pressure 
is required for each battery addition. 
aa a system naxaee a pemet ampere 


A. 60-cycle timing wave 


B. Voltage wave 


2500 
ZERO AMPS. ‘ 
& "Current Wave 


Figure 4. Oscillogram cui dec see 
_ circuit resulting in weld 


‘Maximum current 2,500 amperes » 


- capacity will probably produce more 


welds due to short circuit than one with a 
large ampere capacity, since less pres- 
sure is required in the former case. 

The oscillogram of Figure 3 is illustra- 
tive of a self-clearing fault. 
the field regulator can be seen during arc- 


‘ing periods, the generator voltage rising 


with current flow. Rapid and irregular 
variations in the voltage wave, caused by 
abrupt changes in resistivity within the 
arc and movement of the cathode spot, 
are plainly visible. When the current 
reaches its final zero and the fault clears, 
the rise of recovery voltage and its slow 
decay to normal open-circuit value are 
clearly recorded. 

An oscillogram characteristic of a chose 
circuit resulting in a weld is given in 
Figure 4, After the initial’peak the cur- 
rent assumes its steady-state value, and 


- no arcing takes place, . 


(0). Effect of Load on System (Four 
Generators, Three Batteries). When 
the system is loaded prior to the applica- 
tion of the short circuit, the values of 
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_ mum current 2,000 amperes. 
The effect of | “+! 


clear-cut than at sea level due to ¢ 
- creased oxidation. The molten alloy ° 


and away from the conductor, but t 
was little evidence of molten copper. 


. cuit. 


age "'o~ Cel tars agit aah , 
7 ‘ ae Ear 
\ ee pis 


Poiges -cireuit current, the re 


teries in ea oe load. 
value of the short-circuit 


however, by virtue of the fact tk at 
load on the as the inain field s 


ae See one fifth of ie y lu 
short-circuit current. 
(c). Effect of Increased Short-C 
Resistance. The effect of iner 
the short-circuit resistance wa 
to lowering the ampere capacity « 
electric system. Thus with high 
of resistance the possibility of a 
increased. Faults remote from 
plane bus are therefore more likely 
sult in a weld because of current. 


(d). Effect of Altitude. 
sures corresponding to higher altitudes. 
—— persisted somewhat longer ae | 


Figure 5. Oscillogram showing self-c 
—a-c fault | 2 


Time of short circuit 0.052 second. M 
Maximum volt 

* T20.velte” = 
Upper curve—Voltage ; 
Lower curve—Current 


though current and voltage values w 
about the same as those obtained at 
level. Increasing contact pressure | 
tween the cable and airplane structure’ 
sulted again finally in a weld.’ Whe 1 
short circuit resulted in perforation 0 


¥ 


the aluminum alloy the hole was more 


scattered with explosive violence i 
direction perpendicular to the structu 


appreciable change in | pressure inside 
ell jar was noticed during each short ci 
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20-Vour D-C parse ‘” 


Exploratory tests at sea level and a 
ressure corresponding to an altitude of 
),000 feet with a 120-volt d-c system : 
ere carried out. The results followed 
1€ same trend as those obtained with the 
8.5-volt d-c system and the 120-208-volt 
¢ system, faults either burning clear or 
sulting in a weld, the governing factors 
cing as stated previously. In some cases 
res approximately half an inch long were 
btained, 


20-208-Vo.t A-C System 
(a). Phase-to-Ground Fault on Alumi- 


um Alloy, at Sea Level. With a supply 
ystem of 120-208 volts alternating cur- 


gure 6. Civeiliogesm sHewing a-c short cir- 
_cuit resulting in weld 


, Maximum current 670 amperes 


Upper curve—Voltage 
Lower curve—Current 


nt, the effects of short circuit again fell 
to the two categories—self-clearing and 
eld. When the contact between the 
mductor and airplane structure was 
rht, and therefore the contact area 
gall; whatever the size of conductor, 
pe of structure, or current level in- 
ved, the fault was self-clearing, and an 
cformed. In all cases the arcing was se- 
re, though rarely prolonged, and was ac- 
mpanied by explosive scattering of 
olten metal. Small fires were started 
thin a radius of ten feet from the short- 
‘cuit area, the test floor being covered 
th a thin layer of sawdust and some oil. 
Faults which were not self-clearing 
Li into the second category of a “‘weld or 
stained short circuit.” In these in- 
ances the material, or the shape of the 
rt of the aircraft structure concerned, 
is not important, the principal factors 
ing the current level and cable size. 
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Thus, for a given ‘current level, 
smaller the conductor the greater is the | 
contact pressure required to produce a 


the 


weld. For a given conductor size, in or- 
der to produce a weld, the contact pres- 
sure required is much less the lower the 
current level. Short circuits occurring 1n 


remote sections of an aircraft electric cir-. 


cuit may readily result in welds or be sus- 
tained, unless the fault was otherwise 
interrupted. Figure 8 illustrates dam- 
age from short circuit to a section of an 


Figure 7. Progress 

of short circuit result- 

ing in perforation of 
aircraft structure 


\ 


airplane. The damaged area identified 


' by the number 8 is representative of a 


short circuit resulting in a weld while the 
remaining areas are perforations from 
self-clearing faults, 


Gunfire Tests. 


Parallel conductors were mounted in- 
side and one inch from an aircraft section 
and connected at one end to a bus fed 
from a 24-volt battery. The other ends 
of the conductors were insulated and the 
aircraft section connected to the negative 
terminal of the battery. With a range of 
approximately 100 yards, 50-caliber- 
machine-gun bullets were fired at the test 
piece so that they would strike the con- 
ductor on the leaving side. In almost 
every case faults were produced and in one 
instance, as shown at A in Figure 9, the 
conductor welded to the structure. Dam- 
age both to conductor and structure, due 
to short circuit, was insignificant in com- 
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parison with the damage caused by gun- 
fire. 

Further bullets were fired so that they 
would strike a conductor on the entering 
side. In such cases a self-clearing short 


circuit occurred when the conductor con- 


tacted the structure as the former swung 
back into position after being severed by 
the bullet impact. 

Whenever a conductor was severed by 
gunfire, about one inch of insulation was 
torn off on both sides of the break, and the 


conductor strands were spread brush 
fashion. Although in general only a few 

strands subsequently formed the short — 
circuit, in one instance most of the cable 


cross section contacted the aircraft 
structure. 
duced, as stated previously. 

Three small areas of the aircraft sec- 
tion were covered with a thin coat of in- 
sulating varnish, In these areas faults 
occurred only when a severed conductor 
contacted the edge of a perforation pro- 
duced by gunfire. 


Genera Interpretation 


The physical aspects of the d-c and a-c 
short circuits were similar, and pictures 


shown in Figure 7 serve to illustrate the 


progress of a self-clearing short circuit on 
either system. Evidence of explosive 
scattering of molten metal in Figures 7e 
and 7f, just before the fault clears, indi- 


cates that the formation of the perfora- 
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In this case a weld was pro- ' 
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tion required a time about equal to the. 


duration of the short-circuit current. 
As the short circuit progresses, the con- 
ductor melts, and a pool of molten alumi- 


num alloy is formed; meanwhile gases in — 


the are throw out particles of alloy explo- 
sively. The oscillogram presented in 
Figure 5 indicates intermittent arcing. 
Examination of the conductor after a 
fault cleared usually showed that during 
the short-circuit period drops of molten 
copper had formed. Apparently these 
droplets under arc forces are elongated 
toward the airplane structure and finally 
break free from the conductor. The for- 
mation and breaking off of the droplets 
correspond to the striking and extinguish- 
ing of the are. The process is repetitive 
until the aluminum alloy is very thin and 
can no longer withstand the gas pressure 
in the neighborhood of the arc; the per- 
foration is then formed explosively, and 
the fault clears permanently. 


! 
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11 and 12—Self-clearing fault. 


num Alloy, at High Altitude. 


Electric-fault damage to aircraft 


Figure 8. 
, structure 


3,4, and 5 Gellectesnne: fault. 1,120 am- 
peres, number 16 cable 
6—Self-clearing fault, 2,000 amperes, number 
8 cable 


7 and 9—Self-clearing fault. 665 amperes, 
number 8 cable 
8—Welded fault. 
cable 
1,970 am- 
peres, number 8 cable 


The increase in measured voltage indi- 
cated in the oscillogram of Figure 5 is due 
to a slight increase in arc length. : 

(a) Phase-to-Ground Fault on Alumi- 
Both the 
self-clearing and weld type of short cir- 
cuit were substantially independent of 
barometric pressure corresponding to 


_ ‘Foust, Fiitehore Biotin C sbi and Damage Phenomena 


. 


sulation was not damaged — 


the second an aircraft generat 


surface finish on the former we 


_ short a occurred with ney 


theres 


665 amperes, number 8 


A} rs 


high altitude. 


‘evel pressure, ste ae 
‘was unchanged except for dec 
dation at high-altitude pressur 
cause of this the 0 Bee we 


faults fell into categories of self 
and weld, the current level and 
pressure affecting both as bef 
those instances when the fault 
the conductor melted back int« 
sulation until the voltage co 
longer maintain the arc. 


When the fault was not self-clearing, 
cable became overheated and wot 
severely damaged unless the fault 
cleared by other means. Results at 
altitude pressure were similar. 

2 oo) ise oo Fault 0 


‘were eieed ite ist ae 
thick with a painted surface 


shield. oe AY 
The insulating properties of the pait 


a. 


cient to prevent an arc from st 
Sees ix wi Sangliet However, 


to those for suse ploy bot 


The magnesium-alloy 
not ignite, but burning p 
scattered explosively and cont 
burn for some time. “eae 

Similar results were observed w 
magnesium-alloy end shields. — at 

In all tests on the magnesium alloy 
the current level was maintained at a aL 


proximately 2,000 pnp ices o« 
2 id 
wi 


The general phenomena of bu 


© 


clear and welding as ame l the fo fore 


RésuméofResults 


fatten on particular niche of th 
circuit problem. 


1. When the energy concentration 
fault is high (high current, low con 
the short circuit is generally se 
Thus, the higher the current level the : 
is the likelihood that faults will bur: 
There wed Be a — of ¢ aw 


d-c yates as. ran fe 120-2 
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ERIK FLOOR 


NONMEMBER AIEE MEMBER AIEE 


HE recently completed Fort Peck 
# power plant with its substation and 
‘ransmission facilities has several fea- 
tures which are unique and of particular 
nterest. This paper will point out ap- 
plication problems and their solution 
m connection with power transmission 
and relaying. | 

The initial installation of ‘generation 
at Fort Peck consists of one 38,888-kva 
13.8-kv 128.5-rpm three-phase 60-cycle 
water-wheel generator. 
more generators are to be installed, one a 
Juplicate of this first unit and one smaller 


mit. The substation is located on the ~ 


west bank adjacent to the powerhouse 
and at present has one large transformer 
sank consisting of three 16,667-kva 
single-phase transformers stepping up to 
161 kv from generator voltage. A 
15,000-kva three-phase shunt reactor is 
nstalled on the 13.8-kv bus just ahead 
of the power transformers. All switching, 
sxcept for transmission-line disconnects, 
s performed at generator voltage, and all 
ower circuit breakers are of the com- 
pressed-air type. — 

_ The only high-voltage transmission 
ussociated with this initial installation is 
the one 161-kv line extending to the Rain- 
9ow substation bus of the Montana 


Power Company at Great Falls, Mont. 


The total length of the line is 288 miles; 
t is of H-frame construction, and the 
sonductor employed is about half 477,000- 
‘ircular-mil steel-reinforced aluminum 


Ber 44-13, recommended by the AIEE commit- 


ees on power transmission and distribution and 
srotective devices for presentation at the AIEE 


winter technical meeting, New York, N. Y., Janu- ~ 


ry 24-28, 1944. Manuscript submitted Novein- 
yer 10, 1948; made available for printing Decem- 
yer 22, 1943. 
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Ultimately, two. 


_ near the Rainbow substation bus. 


the Fort Peck Project 


MEMBER AIEE 


S.L. GOLDSBOROUGH 


cable and about half 300,000-circular-mil | 


copper. The line was built originally to 
feed power to the dam site from Great 
Falls for use during construction. 

At the Montana Power Company, 


terminal of the 161-kv ine, a bank of. 


three 20,000-kva single-phase three-wind- 


. ing autotransformers step down to 105 
_ky for connection onto the Rainbow bus 


at that voltage. At this location switch- 
ing is performed at 105 kv. The power 


_transformers at both ends of the line 
have the neutral solidly grounded on the 


high-voltage winding. 

Figure. 1 shows a simplified one-line 
diagram of the Fort Peck installation, 
transmission line, and receiver system. 
This sketch includes the system elements 
which will be discussed specifically in 
subsequent paragraphs, and most of the 
equipment shown has been described 
previously. © 

The unusual length of the transmission 
line involved introduces interesting ap- 
plication problems. This line length, 
coupled with hydrogeneration, imme- 
diately suggests a study of transient- 


stability limits for faults occurring on the 


Montana Power Company system at or 
Be- 
cause of the very great shunt capacitance 
inherent to a single line section of nearly 
300 miles, problems concerning open- 


circuit voltages and synchronizing are 


of importance. Also, because of line 
length, relaying presents a special set of 
conditions which standard high-speed 
impedance relays cannot meet. The 
salient factors affecting these problems 


and the measures considered in reaching _ 


the solutions will be examined. 


General-System Studies 


The a-c network calculator was em- 
ployed in studying the general system 
shown in Figure 1, The relative simplic- 
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ity would permit manual calculations 


with reasonable accuracy, but the use of 


the calculator permitted complete study, — 


including numerous points too time-con- 


‘ suming by manual methods. 


Four variations of the system finally 
adopted were studied, and these four 
connections are shown in their bare essen- 
tials in Figure 2. Note that the prin- 


cipal difference lies in transformers and 


shunt-reactor application. Henceforth, 
these four systems will be referred to as 
systems-a, b, c, and d. 

Of interest is the fact that all four of 
these systems operate satisfactorily in 


the steady-state condition, that is, from 


a standpoint of load and voltage regula- 
tion. The differences appearing in 
voltage levels at the two load busses in 
the different systems always can be com- 
pensated adequately by’ control of ex- 
citation at the two terminals. The re- 


sultant exchange of reactive is sometimes 
objectionable for other reasons, but in — 


the steady-state case it is always opera- 
tive. 
ing the unusual voltage ratios of systems 
c and d that result in a “sloping” voltage 


characteristic was to study the possible 


advantage of accepting excessive line drop 


advantage.. Generally, the disadvan- 
tages accruing from reduced voltage level 


overweighed advantages in the cases 


studied. These relative merits will be 
discussed more specifically in* following 
paragraphs. : ( 
Synchronizing 


The charging kilovolt-amperes of the 
288-mile-transmission line, when operat- 


ing at 161-kv, is approximately 43,000 


kva. Since the generator rating at Fort 
Peck is 38,888 kva, it is impossible to 
charge the line at’normal voltage in the 
connection of system a, unless part or all 
of the charging capacity is supplied from 
Rainbow. This presents an operating 
inflexibility, since it is impossible to 
synchronize at normal voltage at Rain- 
bow. 

By adding the 15,000-kva shunt re- 
actor and obtaining system }, sufficient 
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The principal reason for consider- 


" inaverylong lineunder loadand adjusting 
normal transformer ratios a full-voltage — 
class to meetit. The inherent decrease in 
_line-charging kilovolt-amperes is a further _ 


* line charging is. canceled to permit the 
Fort Peck generator to “‘pick up” the line, 
_and synchronizing can be accomplished 
at either terminal. Furthermore, when 


the line is energized from Rainbow, this 


shunt reactance cancels almost all of the 
voltage rise inherent to the line, so that 
only about three per cent differential 


exists across the synchronizing breaker 


(31 per cent for system a). 

‘The sloping line-voltage characteristic 
of system ¢ inherently reduces charging 
current to a figure of 38,000 kva but still 
_ does not permit synchronizing at Rain- 
bow, since the generator charging ca- 


pacity does not equal this figure, and be- | 


cause a voltage differential of 50 per cent 
- exists across the syiichronizing breaker 
at Rainbow. Such a voltage differential 
might be objectionable because of the 
large surge of reactive current that would 
occur immediately subsequent to closing 
the breaker. The sloping voltage char- 
acteristic presénts ideal synchronizing 
conditions across the open switch’ at 
Fort Peck if the line is charged from 
Rainbow. The rising voltage char- 
acteristic very nearly follows: the inten- 
_ tional “uphill slope,” so that only seven 

per cent voltage differential from normal 
exists, a figure that could be met easily 
by generator regulation ‘or be ignored 
altogether. 

System d presents practically the same 
~ case as system ¢ with respect to synchro- 
nizing, except that the line charging is 
further reduced, by reduced voltage to a 
_ figure of 23,000 kva. The Fort Peck 
generator easily can supply this quantity, 
but the voltage differential across the 
open switch at Rainbow is then 66 per 
cent, an excessive figure. 

System 6, comprising full 161-kv volt 


a age operation with a 15,000-kva_ shunt 


reactor, presents the most flexible case 
for system interconnection initiated at 
either terminal. 
Stability 
' 
_ Since only a single-circuit line inter- 
connects Fort Peck with the Montana 
Power Company, the tie is severed sub- 
sequent to each transmission-line fault, 
and there is no transient-stability limit. 
Transient stability becomes an impor- 
tant consideration, however, forfaults and 
switching on the Montana Power Com- 
pany system. Numerous high-voltage 
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-by the power-angle relations. 
_ tems maintain stability for switching op- 


Figure 1. Simplified 
one-line diagram of | 
Fort Peck system 
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Figure 2. Variations of system studied 
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Figure 3. Power-angle curves for the systems: 


studied 


P= power output—Fort Peck generator’ 
he angle between internal voltages 


circuits emanate from the vicinity of the 
Rainbow bus, and, if Fort Peck were to 
swing out of step for faults or switching 
on these circuits, the effectiveness of the 


. interconnection would be impaired seri- 
ously. For this reason stability was 


studied for faults on this adjoining sys- 
tem, ~ “Bigs 
Power-angle curves applying to the 


different systems studied are shown in | 


Figure 3. Note that system } offers a 
substantial increase in stability over the 
other systems studied, as demonstrated 
All sys- 


erations on the Montana system, and all 
systems are stable for single line-to-ground 
faults occurring near the Rainbow bus 
and cleared in relaying and breaker times 
actually obtaining on the Montana sys- 
tems. System d, employing lower-volt- 
age transmission, presents a marginal 
case for single line-to-ground faults, and 
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this was one of the’ con: 


studied are stable for mi 


RAINBOW 


large line-charging kilovo. 


- exists in this installation. If t 


aupledy offsets ‘ie increase 


- lower-voltage operation. 


een faults ease 


~ provided by system b for 


a.) I eee 


led to its discard. None 
near r the Rainbow. bus: 
ee faults that occur some a 
distance beyond, the 
point. 

Of unusual PR Ne is ihe fac 
tems a and ¢ show identical 
characteristics. This is a 
comparison with total gene 
is lowered somewhat, line cl 
generator to operate at a 
facut Boe, of course, es al 


lent line impedance inheren’ : 


b is due solely to the 15,000-k 
actor which ee 
in tie ee sea 


a per ie ae the ae 
when pale load kilowat ts | 


tion at 3 above 85 ee cent 


Systems a and ¢ eliminate 
tainty, but the considera 


investment was believed good it 
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Figue 4. Results of field tests on water rhe 
- stats 


outside- diameter. ‘leet 
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ee 
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zal plans provided for installation of 

hree surge tanks of adequate size to 

srovide satisfactory hydraulic stability 

md capacity for the ultimate installation 

af three units, with each surge tank con- 

1ected to its individual penstock by a 
suitable riser. The surge rise and water- 

jammer pressure increases were com- 

suted on the basis of using a five-second | 
sovernor time for full-opening and closing 

the turbine wicket gates. However, it 

was deemed inadvisable to use large 

juantities of critical steel plate for this 

project just after the entry of the United 

States into the war, and the contract, 

therefore, was canceled, 


ACTUAL WAR INSTALLATION 7 


The completion of part of the power 
development was 
quently, with the surge tanks omitted. 

_ The omission of the surge tank for the | 
installed unit developed the ‘following 
conditions: ' . 


l. The governor time would have to be | 
slowed down materially to avoid subjecting _ 
the tunnel, penstock, and turbine to exces-_ 


siye water-hammer pressures. 

2. Involuntary rejection of line load due to 
lime faults, or other reasons, would result in 
runaway of the unit unless measures wer! 
taken to avoid this. + 


_ Various schemes were investigated 
then with the view of securing smooth 
transition from steady line-load_condi- 
tions to steady local-load. ; 

_ The most promising of these schemes 
appeared to be the use of a water rheo- 
stat to replace temporarily the line load 
with an automatic arrangement for re- 
ducing the rheostat load by withdrawing 


the electrodes from the water, so that _ 


the unit could be transferred smoothly 
from the more or less heavy line load to 
the light local load. A detailed investi- 
gation of this procedure convinced the 


rs 


aa OS eee a ee a ea ARE 


? IMMERSION IN INCHES 
Figure 5. Results of field tests on water rheo- 
: - stats 


35/s-inch outside-diameter electrodes at 
. 13.8 kv . 
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authors that such operation might result 
in hydraulic instability, taking the form 
of a series of governor swings of increas- 
ing intensity with unpredictable results. 
We, therefore, suggested that, on the 
occurrence of a line ‘fault and loss of line 
load, the unit be brought down automati- 
cally to the speed—no-load position and 
that the water rheostat be set at a fixed 


value and used only as a brake to avoid: 


runaway, speeds. A tank rheostat was 
installed in the powerhouse to provide for 
the suggested service. 
The following provisions were planned 
to avoid runaway conditions as far as 
possible: 
1. The line-breaker tripping relay was ar- 
ranged to energize the rheostat-breaker clos- 


_ ing mechanism and also to trip the governor 
authorized  subse- , 


speed—no-load solenoid, so that the governor 
would act to reduce the gate position to 
approximately speed—no-load position .irre- 
spective of speed changes. The rheostat 


load would be tripped off then by a suitable ~ 


mechanism, the various adjustments being 
made in such a way that the unit would 
continue to run after the gate movement 
was completed but at speed approximately 
normal. 


2. The electrical arrangement was such 
that the line breaker would open and: the 
rheostat breaker would close on either of the 
following eventualities: 


(a). Fault on the line. é 
(b). Opening of breaker at receiving end of line, 


: 


3. An electrical fault in the generator itself 
results in the field being opened and pre- 
cludes the possibility of placing an electric 
load on the machine. 
generator differential relays will act to trip 


_the governor shutdown solenoid, causing 


the gates to close to the fully closed position. 
There is no method of avoiding a runaway 
speed under these conditions. 


WATER-RHEOSTAT TESTS 


As stated previously, the water-rheo- 
stat tank in the powerhouse was designed 
for braking service only and was not 


300 
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f with arc 
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Impedance values as seen by relays 
at Fort Peck 


Figure 6. 
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In such case, the | 


suited, therefore, for carrying current 
continuously for testing purposes. To 
obtain information on the effect of varia- 
tions in electrode spacing, size, and im- 
mersion, as well as for applying a steady 
load on the turbine during certain hy- 
draulic tests, a temporary rheostat was ~ 
rigged in the tailrace. The electrode size 
could be varied from 2%/s to 8 inches 
outside diameter, the immersion from 
zero to six feet, and the spacing from 
about 7 to about 30 feet. The voltage 
also could be varied from zero to 13.8 kv. 
The resistivity of the water was approxi- 
mately 590 ohms per inch cube at 15 


degrees centigrade and was found to vary 


with temperature according to the follow- 
ing formula: 


_ 820 
as 100-0082 


where 


p=resistivity in ohms per inch cube 
¢=temperature in degrees centigrade 


- The test results were reduced’to terms — 
of current density in amperes per sqtiare 


‘inch, as it was realized that limitation of 


current density was an important factor 
in successful operation. A few tests were 
made with twin electrodes, but it was . 
soon apparent that the behavior of these ~ 
was exceedingly complex, and the major- 
ity of tests was made with 4-inch and 


 85/,inch outside-diameter electrodes 
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Figure ‘J. Distance-relay characteristics at 


Fort Peck 


SPLIT PHASE VOLTAGE COILS 


PHASE SHIFTER 
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MIXING TRANSFORMER 


Figure 8. Schematic diagram of beam imped- 
ance element with modified characteristic 
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with one test of 23/,-inch electrodes. 


Results of tests on two electrode sizes 

are shown in Figures 4 and 5. The 
following deductions were made from the 
tests: 


1. For immersions of 24 inches or more 
current density increased directly with 
voltage. For immersions of 12 inches or 
less current density increased as a power 
of voltage greater than unity. 


2. For a given spacing (within the range 
tested) current density decreases as immer- 
_ sion increases. 


' 3. Fora given immersion (within the a 
- tested) current density decreases as spacing 
increases. 


Seyeral ists were made by rejecting 
various line loads to various rheostat 
loads, and it was found that a suitable 
~ selection of rhedstat loads could be made 
which would result in reasonable pressure 
changes in the penstock and reasonable 
speed changes of the machine, so that 
the test showed that the wooden tank 
- in the powerhouse, when provided with 
the proper electrodes, will prove ade- 


quate for rejection at periodic intervals - 


3 of loads of 15,000 kw and higher with the 

che operating procedure’ as recommended. 

It was found impractical to build a water 

_ rheostat of large enough proportion that 

ie would be suitable for continuous opera- 

eo? “tion or to be used for loads smaller than 
<a 15,000 kw. : 


 Transmission-Line Relaying 


. i With the construction of the Fort Peck 

~ line i in 1934 it became evident, because of 
. .the small difference between load cur- 
% _rents and fault currents, that proper, 
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Figure 9. Vector diagram of current and ‘volt- 
age forces acting’on the beam ""'¢'| 


Cj-—= TO TIMER CONTROL 


Figure 10. Schematic trip-circuit connection 
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. out-of-step conditions. 


“or ' Sy } 


protection could be provided only by . 


zone-type distance relays, and, therefore, — 
impedance-type relays were -selected. 
Whereas there was little difference be- 
tween the load-current and fault-current 
magnitudes, there was a wide difference 
‘in their phase-angle positions.’ Accord- 
ingly, the phase-angle characteristic of 
a standard impedance relay was ac- 
centuated and shifted to the proper 


operating zone by manipulation of the 


capacitor potential devices, and these 
relays have given very satisfactory serv- 
ice for several years. It is believed that 
this was the first instance of the appli- 
cation of a phase-angle discriminating 
feature to a distance relay in order to 
cope with the conditions on an extremely 
long transmission line. However, with 
the addition of the generating equipment 
at Fort Peck, the conditions with which 
the distance relay must cope have 
changed, and it has become desirable to 
extend further the phase-angle 
criminating Sera HAS of the impedance 
relays. 


ITH ARC 
“RESISTANCE 


-300 =<00) 7 


ry ~ 
55 
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Figure 11. Impedance values as seen oe 


telays at Rainbow 


The new conditions presented: to the 
relays are the presence of synchronizing 


surges on which relay action is not de- 
sired until the surges approach actual 


as an impedance relay located at Fort 
Peck sees them, are shown in Figure 6 


which gives the magnitude and phase 


angle of the impedance ohms which are 
presented to the relays. The impedance 
vectors, designated by angles from 90 
to 170 degrees, represent the ohm values 
as seen by an impedance relay obtaining 
its current and voltage from the 161-kv 
line at Fort Peck for different angles 
between the intertrial voltages at Fort 
Peck and Rainbow, as indicated. It 


Floor, Muller, Goldsborough—Fort Peck Project 


dis- 


Ws nareseeee element tri 


_ placed circular characteristic, a 


The conditions, 


a 
may be noted” 1 
ohm vector is considerab! 
- both the fault-ohm vector 
ohm vectors, and, ( 

impedance relay could be sé 
for faults but not for loac , 
However, it has been dei i 
the nea can ee 


se fault i is NDE 
voltages at Fort scp 


tual out-otstep dentate are 1 
and the line must be ‘opened. et 


‘ue surge- oil ie are coo lo 
fault- ohm AER =A 


ares ‘a 130- dagen ng 
ternal voltages. This tri 1 
istic is depicted i in Figure 7 
ous tripping is provided by the 
element Zi, and the d ectior al 
‘over the area bounded by 
B, 140 degrees, *G and 


To eet tet ee tic 
_ beam-type impedance. eleme: 


no change in the beam éle 
tequired. Figure 8 shows 
a beam element with the 
phase voltage restraint on the 
of the beam and a current coil 
front end. The restraint end of 
beam, instead of being supplied 
voltage only, is supplied with the 
sum of a current and v: voltage. “ 
current I4-Ig is supplied to a a prima 
enti, of a transformer, while: Me 


ary Fausinee feeds * pee as it 
phase voltage coils, The current 
also flows to a current ee on 
end of the ae 


a. 
‘ ) 


istic can be seen from the vector diagram 
where the center of the circle is to be 
zero. The current J, in the transformer 


Ey, at 100 per cent power factor, but the 
voltage E, applied to the other winding is 
shifted 90 degrees leading. The operat- 
ing energy on the front end of the beam 
is represented by the vector J, although 
_ this is the same current as that operating 

on the rear end of the beam. While the 
vector, no vector relationship exists 
between the pull on the front end and the 
pull on the back end of the beam, since 
the beam has substantially no response 


to the phase angle between the forces’ 


on the two ends. It is arranged that the 
eutrent Jpg produces a mechanical force 
on the front end of the beam equal to the 
force produced by the current on the 
_ back end of the beam when no voltage is 
present. For fault currents lagging 90 
_ degrees it is easy to establish the condi- 
tions for a balance point. For instance, 
if the voltage E, is assumed to be 12 
units, then it is evident that the current 
Ip directly opposite must be 6 units in 
_ order for the: net restraint of 6 units just 
_ to balance an operating force of 6 units. 
If the current lags the voltage less than 
90 degrees (say Ip’), it must be increased 
_ to a value such that the vector sum of 
I,’ and E; (or Is’) still equals Ip’, because 
_ the operating current Jp has increased at 
_ the same rate, in order to maintain a 
balance point. It can be seen from an 
_ inspection of Figure 9 that the current 
I, and Jy for any angle must terminate on 
_ the straight line M. M in order to make the 
scalar value of the vector sum E\+Ip= 
Ig=Ip=Iy. In other words, the line MM 
_ represents the locus of balance currents 
for a given voltage Ej. Division of the 


voltage E, by the balance currents gives | 


_ impedance values, which plotted on R 
and X co-ordinates gives a circle with its 
center on the X axis and passing through 

' zero. The center of the circle can be 


B rtaced on any other axis by regulating © 


the angle a between E; and E,g. For 
instance, if a is less than 90 degrees, the 
circle center is at a point between the 
+X and —R axes; if a is between 90 
and 180-degrees, the center is between 
the +X and +R axes. . 


The aforementioned element follows 


the equation EI cos (a+6)=£", and 
such a characteristic has been used for 
a number of years in connection with an 
induction element. It may be noted, 
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‘The action which takes place to cause. 
the element to have a circular character- 


in Figure 9. This is drawn for the case’ 
placed on the X axis and passed through’ 


winding is in phase with the voltage 


_ current on the front end is shown as a. 


however, from the equation that, for 
close in faults where E approaches zero, 
the energy in the element also approaches 
zero resulting in sluggish indecisive ac- 
tion. It is interesting to note that a 
beam element following this same law 
is not operating under a low-energy con- 
dition, On the contrary, since heavier 


currents are obtained for close-in faults 


on long lines, the energy in the beam is 


even greater when the voltage is zero. 


Positive high-speed operation, therefore, 
at zero voltage is readily obtained by 
very slightly increasing the current pull 
on the front end of the beam with respect 
to the current pull on the rear end. | 


RAINBOW RELAYS 


The ohmic picture presented to the 


relays at Rainbow on the 105-kv bus is 


Figure 12. Distance-relay characteristics at 


Rainbow 


shown in Tabs 11. Here’ the only re- 
quirement is that the relay character- 
istic distinguish the sutge ohms through 
130 degrees and the load ofims from’the 
fault ohms. Figure 12 shows the char- 
acteristic chosen. Here, however, it was 
desired to set Z1 element well into the 
transformer bank at Fort Peck with Z2 
set beyond the low-voltage bus and Z3 
even farther. Because of the long setting 
on Z1 element, and also to take care of 


possible future increases in the capacity — 


at Rainbow, it was considered desirable 


_ to supervise the Z1 element through the 


Z3 element. This was done by moving 
the Z1 trip connection from point P to 
point Q on the schematic diagram in 
Figure 10. Placing the Z1 element 


effectively in series with the Z3 element 


means that the Z1 element can no longer 
trip independently for close-in faults, 
and the Z3 element must operate posi- 
tively for all faults. As mentioned pre- 
viously, the beam element possesses 
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plenty of energy for faults giving zero 
voltage; even though its characteristic 
circle passes through zero, The element. 
however, possesses an additional ad- 
vantage in that a definite margin of safety © 
can be attained. This is done by passing 
the circle beyond zero as shown by the 
dotted circle Z’3 of Figure 12. This is 
accomplished very easily by increasing 
the current force on the front end of the 
beam in relation to the current force on 
the restraint end of the beam. The 
amount that the zero point is projected 
into the circle is regulated by: the excess — 
force on the front end of the beam as 
compared with the current force on the 
back end, and is’ accomplished very 
readily by manipulation of the current — 
taps and core screw on the front end of — 
the beam. The diameter of the circle, or — 
the ohm setting, is regulated directly — 
by manipulation of the current taps on , 
the beam and on the transformer-pri- | 


. mary current coil in unison, keeping the 


relative ampere turns constant. 
With only a single high-voltage line ) 


involved, no high side switching is em- 
. ployed, and the differential relaying on — 


the two terminal transformer banks — 
cannot isolate low side faults. The im-~ 


pedance relays described . will isolate — 


Figure 13. Distance-relay characteristics for 
catrier-current operation using four elements | 


fo.) ee 
=a 


is i! ENERGIZE RECEIVER 
ELAY OPERATING gar 


' TO TIMER CONTROL 


TO CARRIER START 


Figure 14, Schematic trip connections for | 
relays in Figure 13 
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promptly in each case phase faults occur- 
ring at the far end of the line, but ground 
faults will not be handled if they occur on 
the low-voltage side of the transformers. 
For this reason the differential relays 
at each location are arranged to trip 


TO TIMER CONTROL 
Fak To GARRIER START 


Zz z2 


a three-phase grounding switch; an 
_ artificial phase fault is thus created; and 
the impedance relays clear promptly. 
_ These two grounding switches are shown 
' in Figure 1. At Rainbow a high-voltage 
spring-closed switch is used, while at 
- Fort Peck an existing 15-kv breaker is 
used, “4 
Boat Relay ponemes 


While ee operation was not 
involved on the Fort Peck project, it is 
interesting to see how the characteristics 
discussed previously could be fitted into 
a carrier scheme. There are several 
ways in which the standard three-zone 


impedance relay can be provided with © 


various combinations of characteristics 


ie 2 
suitable for long lines. 
rier is started for external faults by the 


Z3 element with a displaced circular char- 
acteristic. Instantaneous tripping in- 


dependent of carrier is provided. by the — 


directional element D and the Z1 im- 
-pedance element. over a portion of the 
line. 
line is provided by D and Z2 element 
with a displaced circular characteristic, 
while backup time tripping beyond the 


C-— TO CARRIER STOP 


and connections for carrier-current opera- 
tion using three elements © 


/ - 


line is nraiden by D, 22; and T2 fe 
ments. ; 

In some cases it may ieee that ae 
Maximum swing conditions from which 
the system may recover involve minimum 
ohmic values for which tripping is. not . 
desired in the general region S and S$’. 
The Z2 element can be made unrespon- 


sive to these surge-ohm values without 
changing its response to fault ohms by | 


contracting the circle into the position 
shown by the dotted circle Z’2. It may 
be recalled that the zero point on the R 
and X diagram definitely can be placed 
inside the circle by overbalancing ‘the 
current force on the front end of the beam. 
Conversely, the zero point definitely 
can be excluded from the circle by under- 


Figures 13 and. | 
14 show one possible combination. Car- 


Carrier tripping over the whole 


angle discriminating feature of the im 


Figure 15. Distance-relay characteristics — 


“1, Construction PowER FOR From ‘Peck ‘Saat 


ay 


age af ihe e fudchias area is | 
Since the characteristic circle ( 
beam element can be adjusted t 
diameter and its center placed 
_ with respect to the R and X axe 
‘combination is suggested usin, eve 
elements. This is depicted i in 
where the circles of Z1 and Z: ove 
to provide good coverage in the range 
the fault ohms, restriction in t 
load’ current and surges, an 
coverage for external faults. Ca 
started by Z1 and Z2 and i is er 
D, Z1, and Z2 elements which al 
vide a time-delay backup. 
carrier and backup { protection, 
the distance relay is concerned 
accomplished with only thr 
per tase. ‘ 


Conclusions 


The further extension of. pe ph 
pedance relays, which have — provided ; 
protection for the Fort Peck line si 
1934, has enabled this same type. 0: re 
to accommodate the more Severe con - 
tions imposed by the addition of genet 
ating capacity at Fort Peck. a on 
_ The addition of the movable circ Sites x 
characteristic to a beam-type impedance 
relay, with the easy ability to regulate t! 1 
diameter and poe of the ees has | 


relay denaied 

' The use of tine reactors to equ: 
Yoloes and increase transient-st: 7 
limits will i increase as long line sections 


at very high voltages become more Prev 1 
lent. ' i ers Vk | 
i i 

: ay sy”) Pf 4 

F ‘ae 
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| Steady-State Stability of Synchronous 
_ Machines as Affected by Voltage- 


Regulator Characteristics 


c. CONCORDIA 


MEMBER AIEE 


TEADY-STATE 
chronous machines is an old subject, 
and the fact that voltage regulators may 
on occasion increase the stability limit 
is more or less well known.! The present 
paper, however, aims to contribute to 
the knowledge of the subject by: 


(a): Presenting a method for calculating 
directly the gain in steady-state stability 
with a given regulator and excitation system 
and also for predetermining the optimum 
regulator and excitation-system character- 
istics to give maximum gain in stability for 
a given synchronous machine or set. 


(6). Presenting the results of calculations 

by the methods developed for certain typical 
systems so as to give some notion of the 
possible gains under various conditions. 


The relations developed may be used 


‘to study the effects of regulator and 
machine characteristics, power factor, 
regulator location, and so forth. An im- 


portant application of the analysis is the 


case of electric ship propulsion, where the 
size and weight of the generator and 
motor are in part determined by the 
steady-state “ stability characteristics. 
The method of analysis consists in first 


stability of syn- 


setting up the transient equations of the 
system, then considering small displace-- 


ments from any given equilibrium condi- 
tion. The equations for small displace- 


ments are linear and may be ea 


directly for stability. 


OR nag 


Pena the results shown nese and from 


additional calculations which have been: - 


made, the following conclusions may be 
stated: 


1. A properly designed voltage-regulating 
system can increase the steady-state sta- 
bility limit of a synchronous machine by a 
considerable amount. 


2. Fast regulator and exciter action and 
low transient reactance are desirable. On 
the other hand, the amplification factor of 
the regulating system must be co-ordinated 
"properly with the machine and system 
constants rather than made as large as 
possible. ; 


3. The possible gain in power limit for two 
synchronous machines is ‘considerably 
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+ 


greater than for a single machine connected _ 


to an infinite bus through a tie line. 


4. Amortisseur windings have little effect 
on the possible gain'in power limit. 


5. Although the exact value of exciter time 
‘constant is not important, additional lags in 
the regulating system should be avoided, as 
they reduce the gain considerably. Some 
exciter time lag actually may be beneficial in 
increasing the permissible range of regulator 
amplification. — 


6. For maximum gain in power limit, a 
regulator with broad regulation and rapid 
response should be used. A very slow droop- 
correcting device could be used to maintain 
constant voltage over a range of load. 


7. A regulator stabilizing transformer has 
little effect on the maximum gain but can 
permit a much narrower voltage regulation, 
which may be desirable for other reasons. 


8. The division of transient reactance 
between two otherwise similar machines 
(acting as motor and generator) makes little 
difference, but, if the field time constants 
of two otherwise similar machines are 
different, the maximum power limit is 
obtained if the field of the machine with the 
smaller field time constant is regulated. 


_ Analysis 


PRELIMINARY REMARKS 


- Before entering on the detailed mathe- 
matical analysis a more or, less general 
review of the fundamental sonetle in- 
volved will be given. 

For a single round-rotor synchronous 
machine connected to an infinite bus 


through a tie line or for two round-rotor 


machines the steady-state power transfer 


. (with zero resistance) is given by 


Paper 44-12, recommended by the AIEE commit- 
tees on power generation and power transmission 
and distribution for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-28, 1944. Manuscript submitted Novem- 
ber 6, 1943; made available for printing December 
21, 1943, 


-C. Concorpra is in the Analytical division, eink 


station engineering divisions, General Electric 


Company, Schenectady,,N. Y. 


The author acknowledges the assistance of G. K* 
Carter, H. A. Peterson, and D. L. Herr in making 
calculations; R. L. Fry for making confirming 
tests; afd S. B. Crary for initiating the study, _ 


@ 


' 


Concordia—Stability of Synchronous Machines 


where £ is a machine excitation or the 
voltage of the infinite bus, x is a machine 
synchronous reactance or the tie-line re- 
actance, and 6 is the angle between the 
two excitation axes. 

It may be recognized that in the steady 
state (or generally, if the effects of rotor 
circuits are neglected) there is analyti- 
cally no distinction between a tie line 
with its infinite bus and a second machine. 
The distinction lies rather in the values 
to be assigned to the various parameters 


and in the interpretation of the quantita- 


tive results. 

For two equal machines or for a ma- 
chine connected to a tie line of equal react- 
ance with x; =x2= 1.0 and with the excita- 
tions set at some fixed value, for example, 
to give rated current at unity power factor 
and unit elas voltage | 


—+ =1,414 
os 45° 
(see Figure 6), and the power transfer is 


1.414)? 
palit) 


sin 6= sin 6 


The power limit occurs at 5=90 degrees _ 


and is Pmax= 1.0. 

_ If, on the other hand, the excitations 
are not constant but are controlled so as 
to maintain unit voltage and power 


‘factor, then 


cos = 
2 


and the power transfer is 
1E, . sin 5 
M D 


in 6=- 
wes 2 cos? = 
Ae 


wlio 


Now the power transfer increases with- 
out limit as the angle 6 is increased from 
0 to 180 degrees. The new torque-angle — 
curve crosses the old torque-angle curve ~ 
at 6=90 degrees. The question of the 
meaning of this result, particularly of — 
the possibility of stable operation in the 
region 6>90 degrees, now naturally 
arises; the answer is found in the kind of 
control used. If the excitations are con- 


‘ trolled slowly, for example, by hand, so 


as to return the terminal voltage to 
unity only after a deviation is noticed, 
the power limit again will be found at 
5=90 degrees. One may imagine the load 
increased in small steps. At each step 
the terminal voltage is returned to unity 
by an adjustment of the excitations, and 
then the system is tested for steady-state 
stability in the conventional way by 
noting whether or not a small increase in 
angle with fixed excitations results in an 
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Ty=0,400 <To <4000 
Tr = To =400 

Tr = 400, To = 2000 

Tr= 800, To= 2000 


as om 
_ REGULATOR AMPLIFICATION 


- imerease or decrease in power transfer. 
However, if the excitations are controlled 

- atttomatically to maintain constant ter- 
minal voltage continuously and in- 
7  stantaneously, regardless of load or angle, 
and even during the stability test, the 
relation P=tan 6/2 will hold instantane- 

_ ously, and there no longer is a stability 
limit. In order to maintain the constant 
_ terminal voltage required for such stable 


hi. 


operation it is necessary to have a flat 


Ee regulator (that is, one with an infinite 


_. ‘amplification factor, a= — ©) and no time © 


vee lags in the regulator, exciter, or even in 
the ‘main machine fields, so that the ex- 


ye citations are corrected instantaneously. 


‘; Such action is, 
_ unrealizable because of the time lags in- 
herent in any system. Moreover, both 


thea 
Ae 


_ excitations also increase without limit as 
ae the angle 6 approaches 180 degrees. 
ie _ It is shown in equation 33 that, for a 


of course, practically 
ee 
; 


¥ single machine connected to an infinite. 


AN bus through a tie line of reactance x= 1.0, 
i _ instantaneous control of only one excita- 
_ tion is sufficient to allow stable operation 


. at any angle up to 180 degrees as the 


amplification factor is increased, but the 
amplification factor now must be twice 
as large as that required if both excita- 
f tions are controlled 
_ Of course, the conditions of unit terminal 
voltage and power factor imply that, in 
. ae case, the excitations or the infinite 
bus voltage must be adjusted (possibly 
by hand) to maintain these conditions. 
Thus, in the limit both excitations still 
_ approach infinity as before. 
If the actual case considered is really a 
' tie line to an infinite system, rather than 
‘two machines, motor and generator of 


equal size, it would seem more reasonable ' 


to study the condition in which the in- 
finite bus voltage as well as the machine 
_ terminal voltage is maintained at unity, 
letting the terminal power factor fall 
where it may. Then with a tie-line re- 
actance and machine reactance each equal 
to unity, the power limit unregulated 
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instantaneously. 


Figure. 1 (left). 
Effect of auto- 
‘matic _—- voltage’ 
regulator = on 
steady-state  sta- 
bility limit 


Figure 2 (right). 
Effect of auto- 
matic voltage 
regulator on. 
steady-state 
stability limit 


POWER-P (PER UNIT OF UNREGULATED POWER LIMIT) 


° 


-100 


an 


can be shown to be Pmax = 0.866, and 
‘deally” regulated (to maintain unit 


terminal voltage instantaneously) to be 
Pmax=1.0. The maximum possible im- 


provement is seen to be very much smaller 
than for the two-machine case. 

In order to make it easier to follow, the 
mathematical analysis is presented first 
as applied to a single machine and next, 
in less detail, as applied to two machines. 

A, Single Machine and Tie Line. 


This section is concerned with the effect — 


of a voltage regulator on the steady-state 
stability limit of a synchronous machine 


connected through an impedance tie to an ’ 


‘infinite bus. The regulator is responsive 


to changes in terminal voltage ot in ° 


voltage at any specified point on the tie 
line and acts on the field voltage of the 
synchronous machine. (The “regulator” 
of this section includes the whole regulat- 
ing and excitation system.) The nota- 
tion and assumptions of Park’ are tole 


lowed. : iS 


For the npr wee ic machine 


um =pG(p)E— cal PYia-+ big(P)iq1(G0). 


| Aea=pG(p) AE=z4( 


_ in magnitude of the terminal vol 


-10 


a= ae /Aeg 
REGULATOR AMPLIFICATION. . 


Machine-torque, equation = 
P= Vaia—Veiat Mp0 sia 
where 

M=4xfH 


- From equations 1, 2, and. 
tions for small changes from 
state operating position are) 


q=G(p) AE—"a() Aig 
Aég= 2(p) Atg—* Aig (e cos, 
Ae, =x Aig+2(p) Aig— (esin 
AT= = 1906 (p) AE — [Wqo-+tgox, 
aot taoXg(P) | 


The regulator introduces a 
field voltage E a8 a function of 


AE=e(p) ae, 55 (ee 
where < Gs*"— 6) ewe 
‘ . " d . 4 
"eq p= =¢4? +e," 


4 
and g(p) is the open expressic aye 
the action of the regulator : 


&q=G(p) E(p0) —xa(h)ta(P9) —2q(P)tq (1) — Meg=eq'Acgteq’Aeg a Fa 
ne : > pe ©: . ea’ = €ao/€ao €q' = €go/€ao J are 
Similarly, for the tie line . Th. ; vA ea 
nen : <¢ Coe 
: : aha) hb he . eae eq 
éa=e sin 6-+2(p)ig—xi,(p0) ne Cea” Ae Gaui ai 5, aw (4 
eg =6 60s b+ xia(f8) +2(P)ig gy) OS 
oi ees: equation 7 is substituted in equ tion 
4, equations 4 become ; 
vibe Meg Meg mn Mig Ady Pee Lay Nat is 
IgG (b) g(p)eq’ | tq0G (b) gp) eq Voo—hgo%alP) Vee } ~ pM We =AT 
BG (b)g(b)ea’—1| BGC) g(b)ey’ ial) me) =Vob —|=0 
G(p)e(b)ea’ _|G(p)a(b)eq’—1| = xa(6) —2,(6) ‘Vaob __|=0 
Teh Dania. 2(p) =«x. | @eos 3—Rigop |=0 ad 
0 pan tae Re be A: x 2p) | -esin ieee Bas 
; Tn order to test the stability. of the ee a 
where 


2(p) =r-+-px for the tie line 


6 is the angle by which the machine 
leads the infinite bus voltage Gul 
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tem, the determinant of the coefficier 3 
of equations 8 is expressed as a polynomial 
in p, and the signs of the real parts of 1 = 
Pp roots. are investigated by Routh’s or 
eee 's criterion. 
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- <a wv) | es Pr , 
a ¢ 4 + Pn, © Is 
‘ ‘ \ 


"The required aattat Really ate condi- 
tions for given E, e, and 6 are 


ae Sy emcees 3 
_ +(e+ma)esin 5—(ra+r)(ecosd6—E) . 
Be Gath He tea) etx) 
Yao = EL —Xalao €go =Vao—aluo 
Veo or —Xqlqo Cao = —¥ao— Yalao’ (9) 


When amortisseur windings are neglected, 
the operational impedances are 


ee ; 
xa(p) =~" T 3 Xq(b) =Xq 
0. 
3 A | 
eo) -——— 
(p) Top +1. (10) 


If it is assumed that the-regulator and 
exciter performance can be expressed as 
a static change (qa) in field voltage E per 
unit change in terminal voltage ¢, to- 
gether with a time lag expressible as an 
; Bp auivalent single time constant 7,, then 


tea Bi yy 
Roiticr more exact operational relations 
may be used in the equations, but equa- 
tions 10 and 11 are the simplest and are 
sufficiently exact for an initial study. 

__ If components of voltage caused by the 

“rates of change of flux linkage and of 
angle are neglected, equations 8 become 


a) = 


n 
n 


Xq s Xq =Xox4F LO 
PF=LO 
M= 4000 


ih 
° 


r=0 


ANGLE - 8 
a ® 


s 


POWER -P (PER UNIT OF UNREGULATED POWER LIMIT) 
is 


T/T. 


Figure 3. Effect of ratio of excitation and 
regulation-system time constant to field time 
constant on steady-state stability limit 


Maximum stable operating conditions, by 


equation 34... 


For 
Xa =X_(p) =1 0, (WaottaeXq (p)) =£ 


B. Two Machines. The case of two 


‘synchronous machines with a voltage 
_ regulator responsive to the common bus- 


voltage magnitude and acting on either 
or both machine fields is considered in 
this section. 


' To simplify the analysis the armature ) 


resistances and the components of nuit 


ba ey. . Ae, . ees Aig Ab 
| teoG(P)e(P)ea" | icoG(P) (b)¢0" | —Voo—taovalb) | Vaotiaste(b) | 2M |= aT 
RO Pee =r q() 0 |=0 
| Ge)g(pea’ | Glb)g(b)e’—-1] _ —*a(P) —ta 0 =0 
= =—1 OF Peas; ee —x ecos 6 = 
| ax VR ae r —esind |=0 (12) 


# 


If, in. addition, armature and line re- 


sistance are neglected, equations . 8 are 
Teduced to 


caused by rate of change of flux and rate 
of change of machine angle were neglected 
finally in section A. These assumptions 


. Aég Meg Aig Ay Aé 
ViG@e)ea' | iG )e Pde’ | —Va0—teotalP) | Yao iaate(?) | pM |= AT 
Shae: ges PS |. xq(p) eee =0 
[G@utP)ea’ | CP el a'—1 | =a 0 eet 

- —1.. 0 0 —x ecosé |=0 
Oats buna x 0 Sesind |=0 (13) 


_ Equations 13 imply that the voltage 
“equations are reduced to the form 


Aeg=—Atg Atg= Ava 
From equations 13 the characteristic 
determinant is — 


Da inlPoe '"q(p)xe cos 6— 

[veo + igoXa(P) 1) [%e(p) + ]e sin 6-++ 
“Wao izoig(b) Xap) +2— —xG(p)g(p)éq’ le X 
cos 6-+-p?M [xq(p) +] [xa(b) +% — 

xG(p)g(p)eq’ |—Yaol— 1 xq(b) +x} X 
Gp) g(p)eq’e sin 5+- 
Xq(P)G(p)g(P)ea’e cos 5] (15) 


(14) 
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have been justified, not only from a 
comsmoti-sense consideration of the orders 


of magnitude of the quantities involved” 


but also by the fact that test results 
have shown fairly good agreement with 
calculations. One then may write for 


each machine, as in equations 14 | 


Aeg= — wy Avg 


Aeg = a0 Ava (16) 
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excitation-system 


For, machine 1. 


Ae Spates (p) Ate, 


Meg = — woXa, (p) Aig: +orGi(p) AEs (17) 

3 For machine 2 
Ala, = woXgg(p) Atgy wh 
Leg, = —woXan(P) Ad ee ?) AE; (18) 


Cofndction ‘of the two machines toa 
common bus results in the relations 


€ap =Car cos O12 Cg sin O12 


i 
Cg. = egy SiN 812+ €g COS O12 


1a, = — tg, COS b12++-4q, Sin b12 
igg = — tg, Sin 612—t%g COS d12 (19) 
or, by differentiating q 
A 
Aego = Aeg; COs 612 — Aen sin d12— us 
(eg, sin bute COS 12) Adie is 
Aeég, = Aeg, sin d12-+ Aeg; cos d12-+ te _ 


(ea cos dient sin 612) Adia — 
Mig = — Alay cos die Mtg sin 612+ : 
(ia, sin battn ¢ Cos 42) Adis) 
Atg = — Aig, sin 12— Ady, cos 612— - 
(4a, COS 512—%1 Sin oe Adie (20) . 
Substituting equations 20 in eqitations Ne, ‘ 
one obtains ; 


_ Keg, cos b12— Aeg, sin di. ‘ ies 
es —wotge(D)( Ata: sin 812+ Aig, cos ase ; a4 
[ea Sin b:2-+eg, CoSdia— : 4 

- woX—a(P) (a1 COS 812-7, Sin 613) ] Abie 
Aég; sin d12+ Aég Cos 512 , if 
= +wora2(P)( Ata: Cos 612 — Ada; sin 612) - ; rs. 
[ea coséia—eg sin diz £ 
wo%a2(P) (tar sin di2+tq COS S12) | Adiga 
' coG2(p) AEs (21) s 
‘As in section A, the field voltages are : 
given by if, 


AF =gi(p) Mea=gi(b) (Car! Aer beg’ Aen) 
AEs=ei(d)Aeg= eal b) eq? Ada, hen! Aen) . J 
(22 > 


where Looe go(p) are the regulator ona’ my 
characteristics for 

machines 1 and 2, respectively, and the ? . 
torque equation of machine 1 is 


ignGi(P) gr (b) (ear’ Aen eqn’ Ae) — 
Wor +teiXa (P) ] Atay + 
[War HihaXa (p) ] Ain +; 1p” A, =0 (23) 


Now from the voltage equations 19 
an with the equations eg= —a, and © 
=a (by neglecting py and Ya)s oue 
ei obtain 4 


va= va cos b12-+-Wai Sin S12 


Yao = —Var Sin 812+ Var COS dia (24) 


Thus, the flux linkage is transformed 


' just like the voltage, and it then may be 


shown that 
laa on tga nn a Gabe - I@War) | (25) 


As the electrical torques of the two ma- 
chines are equal and opposite, and if there 
are no mechanically applied damping 
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' 0.20970; Te/Tr 20 en i ee Oe Be determi é 


si A 3 1 origi ees ne 
Xq 10 X, + 21.0 X41 20.55 ‘ 8B Q)209°0; T/T 20.1 Xqe2!.0 Xqo*l.0 Xd220.4! ie equations ik is : 
: : © (aytag%05 Tr TrkO Nw OG nO oe emit e tre 2 2URe eal dais 
M2345 To1630 Ty, = 293 D ,70,0920; TH/Tr20 : : up sack ae / 
E 0) 20,0970; TH/Th 20.1 . 
aj= REG. AMP. FACTOR F )20,09=0; Tia/ Tea20 a2=REG, AMP. FACTOR: : 
Tr220.! 
Seger ea itegne ea en 5- 


120 : fae —} +} ee 
7S pe ea Goge[qu (ear + %q2)ar’ Sin baa X 
2 UNSTABLE ‘pe Sao Gat a)ees’ £08 8]} + (Yar tiara) % 
ra Aa oe { (Caz —Xaztqe) [( 
8 10 ; Soe sind — (ea +xqia)(((Gag l)xa 
z a PX cos +x a1Gageegn’) } + Wert tor 
i (Gogeeas’Xq1) (ga Gi 
3 100 At \ (ea meee (We 
are Ce (Cat Xeatar Ya 
3 ete  (WalGigien’ —1) -in%ar 
eos ) \ (atx Sea : 
97 Te ae CAD Sag sO: =40.  -100 Bee 


é 


, a= AE/eg 
. REGULATOR AMPLIFICATION ; 
Figure 4. Effect of voltage regulators on steady-state stability limit 


’ ; } )20924, T/T 20.0 j Fee ee aGy, nae forth ¢ 
XqitlO XQ,=L0 470.55. 01209205 Tr / Tr +0.1 Xga2l.Q  Xqo2!.0 Agiee 8 as 1.0; and meaplor 


Q,20,20 LAG 31.0 Sipe : 
eee: 3TH / 720.0 Tae PT Tee Shee 
0,20,0290; TH/Tr#0.1 : 7 Eo vl) + +; nal) = ns g 
20, a= a; Tea/Trer0 022REG, AMP. FACTOR ‘ 
a,=0, 520, Trb/Tro= =0.1 


'Mis345 Toi21630 Ty,2293 


0,=REG. AMP. FACTOR 


Sree Ste 


B 
“S5 ! LE : 
Du - 
8s TS 
- a | Vie aa 
$714 
s oN 
5 / 
Bec A yt 
Se oe 
$s Ere 
ee 
arory -0.4 : . 4 x - 
oA /e ; , | > Ga(p)ge(p)] sin 6 sin = — 
REGULATOR AMPLIFICATION “ ae We 
, Figure 5. Effect of voltage regulators on steady-state stability limit Pe Ge ai . 
~ . Gol p)go( P)xai( 
¥ ; where ss itday he ie 
(ix) i MM. ; eats tothe ON ie 
= Ma =equivalent system inertia am 


M+ 


Thus M’p?Ad.. may be substituted for 
M,p’A0, in equation 23 to eliminate the 
extra variable AQ, and the extra torque | 
equation. This simplification is still used to Hie a the s s 
valid even if there are mechanical rotor the single machine ere 
damping torques, if (D,/M,)=(D2/M,), of circuit constants. 
in which case (Mip?+D,p)A0,=(M'p?+ which can be varied are: 
D'p)Aby~ where D’ = D,D2/D,+D2, ae ‘Regulator aren 
(D,/M;) # (D:/ Mz), two torque equations — 2. M > 

are required. Considering the case of MACE 

no mechanical damping, required five tt Regulator and exciter time co 
system equations are 23, 17, and 21, or _ pt estnple ee ae i aan 


Figure 6 


oie Bea RS ae Nig 
torques, the acceleration torques tne taGulP)er(P)ea’ | _ignGi(b)er(P)eq’ Yatra) | var tiaxale) | 
be equated =e 0 0 dunk (e) 
‘ "| woGi(p) g1(b) ear’ ana Dlen@)eal ie EST 7 - 
Mp ; ae — Mp a ‘ pene biz — sin O12 i WX qo(p) sin S12 |wore2(D) Sas O12! | a2 


jsin 6 — . eos 6—- 


es p*( 0; — Als) = M'p* Adis (26) woGo(b)ge(d)ea’ woGia(p)ga(P)egr’ 


~ Mi+Ms 


Peso) cos 615 saben sin bus eaa — 
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Pog 


4. External reactance x. 

5. Terminal power factor. 

6. Transient reactance xq’. 

7. Moment of i inertia M. F 

8. Location of regulator (that is, at ma- 
chine terminals or along tie line). 

9. Quadrature axis reactance Xq. 

10. External resistance r. 

11. Amortisseur characteristics. 


12. More complex regulating systems, in- 
cluding stabilizers. 


A study of the effects of the first three 
of these quantities has been made with 
the remaining quantities mad at the 
Bsues 


X=Xy=Xg= 1. 0 

Power factor =1.0 | 

‘ Xa P0838 

M=4,000 (or H=5.3) 

Simple regulator at machine terminals 
‘No amortisseur 

_ Under these conditions the maximum 
operating angle with no regulator is 
6=90 degrees, and with unit terminal 
voltage (¢,=1.0) the machine field and 
infinite bus voltagesare E=e=(cos8/ 2)~ —1, 
= from ee cage 9 


" sin? e . e 
J 2 Ygo= —tgg= — sin - 
t¢0 2 
a 6 ? 
ST scos' = i \ 
OOS 5 : 
3 a0’ = Cao = —Woo= sin 3 
4go= sin —- i ; 
6 go’ =Cgg = s Amt (31) 
Beo- cose Tee Paes 


2 
From equations 10 


O-3Tp+1 
T.p+1 


Xg(p)=1 


Xap) = 


1 
aren 


pif some of these relations are substituted 
in equation 15, it becomes 


+p44M[+T,T,(1+xq')] cos? 5 
+ p4M[To(1+x4') £277] cos? 2 
* Pr cos S cos? £4. 
y 2 
Ds =f o[(1-+«q’) cos 8-+(1—xq’) sin? 6] 


4p (2T9[(1-+20’ cos 6+(1—<xg’) sin?5]+ . 
4T, cos 8} 


6 
4(4 cos 6—2a cos A) (32) 


c 
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PER CENT DROOP-NO LOAD TO FULL LOAD 


Equation 32 is in a form such that, in 
addition to the quantities studied, the 
el -inertia M and transient -reactance 
xq’ can be varied also. 

Results for Single Machine. Figures 
1 and 2 show some of the results obtained. 
Figure 1 shows the maximum permissible 
operating angles between the machine and 
the bus, and Figure 2 shows the corre- 
sponding power limits as functions of the 
amplification factor a of the regulating 
system. . Curve E, for no time lags in 


either the regulator or machine field, 


that. is, for T,=T,=0, is seen from 


PF. 1.0 

MACHINE REACT *1.0 
LOAD CURRENT #1.0 
AMPLIFICATION = SE ¢/Aeg 


REGULATOR AMPLIFICATION 


: Figure 7. Relation between regulator ampli- 


fication and vonage droop 


- equation 32 to be given by the nee 


formula: 


2 cos’ 
Wee 2 
2 

The maximum stable operating angle is 
5=180 degrees (90 degrees between the 
machine direct axis and its terminals and 
90 degrees between the machine terminals 
and the bus voltage) for a= — ~, with a 
corresponding infinite power (see section, 
“Preliminary Remarks’). 


If T,4O (with T,=0 still) the piesible , 


increase in power limit is at once very 
much reduced, and an upper limit of 
(—a) is found (see curve A). It may be 
shown that, for all of the curves of Figures 
1 and 2, the maximum stable operating 
angle occurs when the coefficients of p! 


and f° in equation 3 are simultaneously. 


equal to zero. For these cases the maxi- 
mum possible stable operating angle is 
given by the formula | 
cos s=b—V/ d?+1 


where 


r 
(i4e'42 x) 


ac 2(1—xq") 
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(34) _ 


PF.=10 
MACHINE REACT=1, 0 


AMPLIFICATION= JE 414 /Ae,, 
ING. REG. = deg/dig 


INCREMENTAL REGULATION-PER CENT 


CURRENT - PER CENT 


Figure 8. Relation between incremental regu- 
lation and regulator amplification 


Figure 3 shows a plot of equation 34. 
This equation has been verified only in 
the range studied and should not be — 
used over a much wider range without — 
further check calculations by equation 32. 
The required values of regulator ampli- 
fication factor a corresponding to the 
conditions of Figure 3 may be found non 
equation 33. 

If 7,/T,=0, the maximum possible 
stable: operating angle is that corre- 
sponding to T,= ©. This may be seen ~ 
by comparing equation 34 to the case 
T,= ©, T,=0 in equation 32. Setting 
T,= © is equivalent to maintaining con- 
stant field flux linkages, in which case the 
steady-state power limit may be cal- 
culated by replacing the direct-axis 
synchronous reactance by the direct-axis 
transient reactance in the salient-pole 


synchronous-machine power-transfer for- 


mula, and the regulator action need not 
be considered. (Similarly, in the case of — 
two regulated machines, the direct-axis _ 
reactances of both machines may be 
teplaced in the limit by the direct-axis 
transient reactances.) Note that the 
power limits so obtained may be con- 
siderably different from those which 
would be found by replacing both x, and 
Sq DY Xa 

Curves B, C, and D of Figures 1 and 2 
show the further reduction caused by the 
introduction of a time lag in the regula- 
tion and excitation systems. Although 
a time lag decreases the maximum attain- 
able angle and power limit, it allows opera- 
tion over a considerably greater range 
in regulator amplification factor a. 

If T,=0 but T,>0, noimprovement in 
stability is possible. To the contrary, 
any attempt fo control the field voltage 
reduces the stability limit. This is evi- 
dent from equation 32. The detrimental 


TRANSACTIONS 219 


* 


effect of a high ratio of 7;/T, is also evi- 


dent from Figure 3. — 


B. RESULTS FOR Two MACHINES 

1. Location of Regulated Excitation. 
It is not necessary that the field of each 
machine be controlled by the same 
amount. If there is any advantage in so 


- doing, the relative amounts of field- 


ue 


 glp)= 


excitation change produced on the two 


machines for a given voltage change may — 


be made anything withinreason, There- 


_ fore, calculations were made (by equation 


29) to determine what the optimum ar- 
rangement should be. For this purpose 


the regulator and excitation-system char- 


acteristics were represented by 


g(p) = (35) 


es) a 


This’ is the simplest possible character- 


istic; the exciter is assumed to have a 


293-radian time constant, and all other 


lags in the regulating system are neg- 
lected, 


Three arrangements were studied: 


Rae eee only on machine 1 


SoHE eee nme " (36a) 


% 


: =O. Regulation oh on | both machines 


8)- =2(0) = 5, 5p % sare (36b) 
ve Reeulation pe on machine 2. 
‘oa =0 a(p)= (36¢) 


2086T1 r 
iBiziites 4 and 5, curves A, D, iis F, 


little difference among the three arrange- 


_ ments, so that the amount of stability 


gain is not critical to the relative field- 
excitation characteristics. The values of 
optimum amplification factor are smaller 
if the voltage regulation is equal on both 


. machines, but this is only what should 
be expected, since the total required 


. 
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cussed in section 1 were, therefore, re- 


a the results and indicate that there is 


Bhairees of field current on both machines 
tend to remain constant. 

Comparison of Figures 4 and B with 1 
and 2 shows also that the possible gain 
with two more or less similar machines 
is greater than for one machine and tie 
line. This appears to be a reasonable 
result when it is recalled that the lower 
the transient reactance the more the 


gain, and that the total transient re-_ 


actance of two machines is, of course, 


smaller than that of one machine and a ~ 


tie line. 
2. Additional aks in 5 ieasteab Sys- 
tem. Since an actual regulating system 


may be made up of several stages, each © 


haying some time lag, the next step is to 
find’ out how important these lags are. 
The three regulator arrangements dis- 


calculated with the regulating system 
represented by the expression 


’ 


a 
OES TED 


eps 


~ @93p+1) 29. 3p+1) 
_ This allows for a lag of Tr! = 29.3 


radians in the regulator in addition to the 


lag of 7,=293 radians in the exciter. 


_ The amount of possible gain in stability 
is seen by curves B, E, and G of Figures. 
Also, 


4 and 5 to be somewhat smaller. 
the permissible range of regulation or of 


amplification factor a is restricted still 


further. Although the reduction in gain 


is not alarming, it is sufficient to indicate — 


that every effort should be made to re- 
duce regulator lag. 

Figures 4 and 5 also side curves C 
for the case of equal regulating effort on 
both machines with a 293-radian time 


lag T,’ in the regulator 


g(p) = (38) 


it as 
(293p-+ 1)? 


The possible gain and allowable range 


_ of regulation are reduced greatly by this 
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al tach 
machine, ae 


3 Appendix. OR 


Regulator and 


Higa ie hana a4 


(37). 


2. Two-Reaction THEORY oF 


larger additional a , oe 


Amplification and Volteg | 
lation or 


cussed in baie nine ‘féatie i 
voltage regulation of the s 
vector diagram is as shown i 
two equal round-rotor sk ines. 

diagram ' Maw 2 he th 


E=E, Suh aee ee “4, 
whence the equation for er is * 


(a? Det +2a(E —ae)ert 


with 
E, 25 tio i= Lae 


am 
Resuleses are eee: in oe 

Also, from equations 39 
tains for the incremental r 
as dei/dh, Rs relation 


The conchisions to 


the. ineiemettal eens m i 
zero with i papeh gens initial loa 


TRefacheeh 
i Patent 1,748, 797, J anuary 1930. GA 
MAcHINES—GENERALIZED METHO 


I, R.H. Park. AIEE TRANSACTIC 
1929, pages 716-30. fo: 


_ Synopsis: 


H. P. KUEHNI 


MEMBER AIEE 


This paper describes a new 
14-integrator differential analyzer recently 


placed in service by the General Electric 


Company at Schenectady. This analyzer 


has a mechanical interconnection system 
but has integrators of novel design in that 
a Polaroid follow-up system is used rather 
than the more usual mechanical torque 
amplifiers. : 


ECHNICAL progress creates a, need 
for tools which are capable of analyz- 
ing physical phenomena more accurately 
and rapidly. Electric calculating devices 
(d-c 


_ analyzers, and transient analyzers) repre- 
sent significant attainments in pallens 


_ ress. 


this growing need. 

The development of the differential 
_ analyzer, both in this country and abroad, 
has kept a timely pace ‘with ‘technical prog- 
Early contributions to this de- 


“ velopment led to the construction of such 
an analyzer at the Massachusetts Insti- 


tute of Technology.® 
‘several other similar analyzers have been 


Since that time 


constructed. 4:5:6:9:10.12,18 The value of 
such a device as a precision tool for the 
purpose of solving ordinary differential 


_ equations has been wellestablished. Since 
~ 1935 General Electric Company engineers 


ingly important part played by the other. 
_ various types of analyzers in carrying on 


have used the University of Pennsylvania 
_ differential, analyzer for the solution . of 
many important problems, . Most of the 
studies were made jointly. with members 
of the Moore School staff, and some were 


of sufficient..general. interést: to result in- 


published articles, (..-. 3-044; 
. With this experience ad the i increas- 


_ analytical engineering work, the General 
_ Electric Company has built and recently 
_ put into operation at Schenectady a new 


‘differential analyzer. It is the purpose of 


- this paper to describe this analyzer. — 


_ Fundamental Principles ; 


The differential analyzer is fundamen- 


_ tally a device for the automatic solution of 


- differential equations. One of the most 


——— 
Paper 44-16, recommended by the AIEE com- 


mittee on instruments and measurements for pres- _ 


entation at the AIEE winter technical meeting, 
New Vork, N. V., January:24-28, 1944.. Manu- 


' script submitted November 12, 1943; made avail- 


_able for printing December 11, 1943. 


 #H. P. Kvuesnt is in the general engineering labora- 
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calculating boards, a-c network 


A New. Differential Analyzer 


ANA: PETERSON 


MEMBER AIEE 


important component parts of such a de- 
vice is the means for accomplishing inte- 
gration. Whileseveralknowndevicesmay 
serve as integrators, one which has served 
this purpose well over a number of years 
is the Kelvin wheel-and-disk type. This 


device is best described functionally by - 


referring to Figure 1. In this figure the 
angular rotation of the turntable or disk, 


a, is proportional to the independent vari- 
The point of contact between the © 


able. 
integrator wheel of radius R and this disk 
is restricted to a straight-line parallel to 
the axis of rotation of the wheel and pass- 
ing through the center of the turntable. 
Its radial position from the center of this 
disk is defined as r. If there is no slip 
between the wheel and disk, then at any 
instant the arc rda is equal to the arc 
Rdg, and, therefore 


dp=—da 


Consequently 


es gat fore 
6=— rade 
£ R. aa 


and it follows that the angular rotation of 
the integrator wheel is the integral of the 
variable radius r with respect to the an- 
gular rotation a of the turntable between 


the limits, as defined by a; and az with | 


proper regard for signs and mechanical 


constants of the device. In stich a device ~ 


the radius r may be controlled by the 


rotation of a lead serew. Thus, integra- 


tion can be accomplished in terms of the 
angular‘rotation of three shafts, namely, 
the turntable drive shaft, the lead-screw 
shaft, and the integrator-wheel shaft, the 
last always being the integral of the an- 


gular rotation of the lead- screw shaft with — 


Table I. 


respect to the angular rotation of the turn- 


table drive shaft. 


Although these are the essential parts 


of an integrating device of this type, one 
additional element is most important in 
making it a practical device. In the solu- 
tion of differential equations it is invari- 
ably necessary for the rotation of the 
integrator wheel to produce sufficient 
torquetodrivetheoutputshaft. Thelight- 
weight integrator wheel in contact with 
the turntable is not capable of producing 
this required torque. 
translating the angular position of the in- 


Some means of © 


tegrator wheel to another shaft through a _ 


means capable of supplying the required 
torque is necessary. The newly developed 
Polaroid follow-up system used to accom- 
plish this purpose in the new General 


” 
sn 


Electric differential analyzer will be gc e 


scribed later in this paper. 


The basic elements of a ‘complete aif. > 


ferential analyzer ate shown in Figure 2. 


In this figure an input table, an output — 


table, and an integrator are shown con- 
nected together with a motor which pro- 
vides angular rotation proportional to the 
independent variable. As this motor ro-_ 


tates the integrator turntable rotates, and, y, 
simultaneously, the input- and output- — 
table horizontal lead screws rotate, caus- _ 


ing the carriage supporting the vertical 


- lead-screw assemblies to move toward the 
. right on both input and output tables. 


j 
> 
’ 


If, as this motion takes place, the crank 
on the splined shaft of the input table is — 


rotated so as to keep a pointer on the 
curve drawn, and if this cranked angular — 
rotation is made to drive the lead screw | of 


the integrator, then the angular-rotation _ 
8 of the integrator wheel is the integral — 


of the function being followed on the: input — n 


table with respect to the angular-rotation — . 
a of the motor drive, which is the inde- | 


pendent variable. The angular-rotation B — 


of the integrator wheel is transmitted — 
through a follow-up system to the verti- = 
cal lead-screw drive of the output table. — 
Thus, the pencil supported by the output- _ 


cis et alewar Slip Measurements 


Integrator- 


Integrator Equivalent Revolutions ; 
Lead-Screw Wheel - - Per Cent Torque 

’ Setting Rpm Integrator Wheel Turntable Difference (Pound-Inches) 6 
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table carriage traces a curve which is the 
integral of the curve r=Ka on the input 
table, with respect to the independent 
variable a, appropriate regard being given 
to constants and boundary conditions. 

It is not always necessary to crank in 
functions, for, in many cases, they can be 
generated. In the example shown, for 
instance, the function r= Ka being inte- 
grated is proportional to the independent 
variable a and, consequently, could be 
obtained directly from the motor drive 
with suitable gear ratios. However, this 
example was used as an elementary illus- 
tration of the function of the fundamental 
component parts of a differential ana- 
lyzer. In general, input tables are used to 
crank in experimental functions which 
cannot be expressed conveniently analyti- 


_ cally, but which, nevertheless, are known. 


Design Considerations 


Experience with the differential ana- 


_ lyzer of the Moore Schoolat the University 


of Pennsylvania in Philadelphia served as 
a basis for establishing certain criteria of 
performance which were desired in such a 
device to best meet the particular needs. 
Among the desired objectives were: 


1. Flexibility. 


' 2. Speed of solution. — 


3. ‘Accuracy. 
4, Low maintenance. | 


5. Reasonable time and cost weasel for - 


construction, 


' While successful and satisfactory means 
for solving differential equations need not 
be patterned after existing analyzers, and 
it is realized that other means may offer 


_ excellent possibilities, these possibilities 


could be realized only after an extended 
development program,’On the other 
hand, the use of an analyzer as a tool for 
the solution of design and system prob- 
lems was desired at the earliest possible 
date. This fact played an important part 
in the formulation of the plans for build- 


. ing such a device. of 


Experience with the mechanical inter- 
connection system at the University of 
Pennsylvania, which is similar to that em- 


_ ployed in the analyzer described by Van- 


nevar Bush, indicated that this system 
has a high degree of flexibility that is very 
desirable in a device to be used for the 
solution of many different types of prob- 
lems. Such a system has proved satis- 
factory over a number of years of rela- 
tively continuous operation in several 
analyzers, With the wholehearted co- 
operation of the University of Pennsyl- 
vania, drawings, patterns, and so forth, 
already completed for this part of the 
analyzer were made available. Professor 
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Figure 1. Fundamental principle of © 
the Kelvin wheel-and-disk type of 
mechanical integrator : 


HIGH TORQUE 
_ OUTPUT SHAFT 


Irven Travis of the University of Pennsyl- 
vania, now in active service, was made 
available as consultant. 


While the mechanical part of the analy- a 


zer was constructed mainly like that of 
the University of Pennsylvania analyzer, 
the mechanical torque amplifiers were 
replaced by General Electric Polaroid 
follow-up systems of novel design. The 
use of these new devices made it possible 
to make desirable and significant changes 
in the design of the integrator itself. 
Tests on these new intégrators have shown 
that they contribute toward improved 


INTEGRATOR 
> TURN TABLE 


Figure 2.. Schematic represen- 

tation of the interconnections — 

of the basic d.fferential-ana- 
lyzer elements ~ 


analyzer performance. This improved 
performance is realized in attaining a 
shorter solution time without sacrificing 
the desired degree of accuracy. Also, 
since adjustments once made need not be 


made periodically, as is the case with the - 


. . \ on 
conventional mechanical analyzer, time 
lost through maintenance is kept at a 
minimum, 


The Polaroid Follow-up System 


Mechanical torque amplifiers, as used 
on existing analyzers, require that, in 
SNe camp LENS 
Figure 3. Schematic repre- 
sentation of the Polaroid 
follow-up system 


TURN TABLE 


order to change the position of the Satnate 
shaft and produce driving torque, a finite 
torque be applied to the integrator wheel, 


Thus, there is a finite ratio between out- _ 


put and input torques, and the device is 
correctly named a torque amplifier. In 
contrast with this, the new Polaroid 
follow-up system is not a torque amplifier. 
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INTEGRATOR LEAD SCREW 


- which form the only link boreal 
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INTEGRATOR WHEEL — 
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The position of the output shaft is co 
trolled by the position of the integr 
‘wheel by means of polarized light be 


integrator wheel and the output sh 
Consequently, there can be no direct fe 
back, and the concept of a relation 
tween input and ye torencs has 
significance. } 

The baa 3 of this s Polaroid follo ro 


Fas / 


THYRATRONS - 


system" 4 can be explained best by refer- 
ring to Figure 3. On the shaft of the 
integrator wheel, which is in contact with 
the turntable, is rigidly mounted a Pola- 

roid disk. This shaft turns on jeweled 
Hearings as the turntable is rotated, 
Light from a lamp source is brought 
through a condensing lens and infrared 
eliminating filter system. The infrared 
filter is necessary in order to eliminate 
that portion of the spectrum which is least 
polarized by the Polaroid system. Light 
from the condensing lens is directed to a 
set of mirrors supported rigidly on the 


integrator-wheel carriage. These mirrors | 


reflect the incoming horizontal light ver- 
tically downward as two separate parallel 
beams. These beams in turn are inter- 
cepted by a second set of mirrors directly 
below, which reflect the incoming light as 
two horizontal beams which pass through 
the Polaroid disk. This Polaroid disk 
polarizes the two beams of light in the 
direction of the axis of polarization indi- 
cated by the parallel lines shown. These 


two parallel beams of polarized light con- 


tinue and pass through separate Polaroid 


disks on the output shaft. One of these - 


Polaroid disks is made larger than the 
other, and the axes of the integrator 
wheel and output shaft are displaced in 


_grees with respect to each other. 


parallel relation in order to make this 
separation of light beams possible. 


The 
two output-shaft Polaroid disks have their 
axes of polarization displaced by 90 de- 
Each 


beam, as it comes through its respective 


Polaroid disk, is again reflected horizon- 


_tally at right angles to the incident beam. 


Each of these two beams falls upon a 
“photocell. | ee 


If the axis of polarization of the Pola- — 
roid disk on the integrator-wheel shaft lies - 


intermediate between the two axes of 


polarization of the Polaroids on the output — 


shaft, then the light intensity is the same 


‘on both photocells. 


wheel becomes slightly displaced from 


this intermediate position of balanced 
light, then one photocell receives more 


_and the other less light. The direction of — 


‘this displacement determines which of 
the two photocells receives more light, 
and, consequently, which receives less. 
The two photocells form two branches 
of a bridge circuit which is balanced when 
the axis of the Polaroid disk on the inte- 
grator wheel shaft is intermediate between 
the axes of ‘polarization of the two Pola- 
roid disks on the output shaft. Any un- 


 palance between the two light beams fall- 


ing on the photocells causes a correspond- 


ing directional unbalance in this bridge 
Circuit, which in turn is amplified, so as to 
control the firing of thyratron tubes. The 
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If the integrator 


controlled- current through these tubes 


_, lows through a split-field series follow-up 


motor, causing it to turn in the direction 
required to maintain the balance of the 
photocell bridge circuit. 

The basic circuit required to translate 
the photocell signal to the motor driving 
the output shaft is shown schematically in 
Figure 4. It is seen that the photocells 
are connected in series, and the midpoint 
is connected to the grid of one of the am- 
plifier tubes. The grid of the second am- 
plifier tube is adjusted and maintained at 
a potential so as to equalize the plate 


STABILIZED 
2-€ SOURCES . 


Figure 4. Schematic — 

circuit diagram of the 

photocell amplifier 

and thyratron follow- 
up motor drive 


voltages on the two amplifier tubes when 
the two photocells receive an equal 
amount of light corresponding to balance. 
Thus, under balanced light conditions, the 
voltage from plate to plate of the ampli- 
fier tubes is zero, A displacement of the 
integrator wheel in one direction, with the 


output shaft stationary, causes a d-c volt- 
age to appear between these two plates. 


If the direction of displacement is re- 
versed, the polarity of this d-c voltage is 
reversed. The desired directional signal is 


' thus available between the plates of the 


two amplifier tubes. This signal in turn 
is brought to the grids of the two thyra- 


_ tron tubes, making one grid positive with 


“Table Il. 


respect to the other for a displacement of 
the integrator wheel in one direction, and 
one grid negative with respect to the other 


_/one for a displacement in the opposite. 


direction. Thus, with one thyratron in 
each half of the split-field winding, and 
with alternating current applied to the 
thyratrons, field and armature in series as 
shown in Figure 4, a displacement of the 
integrator wheel with respect to the out- 
put shaft causes one or the other thyra- 


 THYRATRON 


PHASE- 
SHIFTING  TRANS- 
4 CIRCUIT FORMER 


194 \ .TACHOMETER 
tron to conduct, the one conducting de- 
pending on the direction of this displace- 
tmhent, 

It is desirable under balanced conditions 


that these two thyratrons conduct a small 
current equal in the two tubes for high 


_ sensitivity, thus producing no average 


motor torque. Also, the motor torque 
should increase rapidly and smoothly with — 
angular displacement of the integrator 
wheel from the position of balance. In 
order to accomplish this, an a-c voltage — 
adjustable in amplitude and phase with 
respect to the alternating current applied 
to the motor is introduced, as shown in 
ei 4. ane this a-c grid voltage 
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4° a 
* e. RES 
Xs Figure 5. Integrator output-shaft motor drive 
c showing the worm and compound gear and 
__ the optical arrangement of the Polaroid disks 


Eo 
es and mirrors 


a Beck of the motor drive is shown the 
~ magnetic-clutch arrangement in’ the integrator 
: —. fead-screw shaft.» 


. Figure 6. Top view of integrator unit showing 


carriage drive 


the amplifier causes firing of the thyra- 
trons over increasing portions of the posi- 
tive half of the a-c motor voltage wave, 
the portion being continuously increased 


___ over the entire positive half cycle depend- . 
ing upon the magnitude of the d-c signal - 


‘s from the amplifier. Thus, the sensitivity 
is determined mainly by the d-c volts 

__ output per degree of angular displacement 
| of the integrator wheel with respect to the 
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. 


Figure 7. Top view 


_thyratron plate cir- 


ie 1e details of the carriage assembly and of the 


lags the a-c motor voltage by approxi- 
mately 90 degrees, the d-c voltage from 


y 
} 


of one of the double 
integrator-unit —as- 
semblies 


The steel cabinet 
‘underneath the  in- 
tegrator table con- 
tains the thyratron 
transformer, auxiliary — 
transformers,  time- 
delay relay for the 


and various © 
switches 


cuits, 


. A 


balance point Potion cadiae to equal illu- 
mination on the two photocells. 

It is well known that, in sensitive 
follow-up systems such as this, stability is 
one of the most difficult problems. In 
particular, where the conditions of opera- 


tion, as to speed, load, acceleration, in- 


-ertia, and reversing, range over the ex- 
tremes which are necessarily encountered 
in operating a flexible device such as this 
one, it attains most difficult proportions. 
Some effective means of stabilization is 
essential to satisfactory performance. 
‘One means of attaining stability is illus- 
trated in Figure 4. The d-c tachometer 
shown is mounted on the same shaft as 
the d-c motor armature. It furnishes an 
output voltage proportional to speed 
which is used as an indication of output- 
shaft speed, and also through a resistance- 


‘capacitance network gives a signal across 


a resistance which has a component pro- 
portional to rate of change of speed. This 
signal is applied to the grid of the second — 
amplifier tube as shown. In the case of a 
quick displacement of the integrator 
wheel requiring high acceleration of the — 
motor, this signal partially counteracts 
the signal due to the photocell light un- 
balance, thus causing the output shaft to 
approach the position of balance more 
gradually than would be possible other- 
wise. Hence, with proper adjustment, the 
tendency to overshoot is diminished, and 
sustained oscillations or “hunting” can- 
not exist. This system of stabilization 
has been used with good results. 

When several integrators are cascaded, 
the general stability problem becomes 
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the Kelvin disk- and-wheelt 
trated in io Le 


Figure 7 ie the abe) of ae 0 
pene ee a oe 


Sete the isp ee tah a 
the output shaft, it is possible to mo re. 
integrator-wheel assembly in its carriag 
parallel to the lead screw rather than te 
move the entire turntable with | respect to 
the integrator-wheel assembly. ‘Thus, the 
axis of rotation of the turntable remains 
fixed in position, and the turntable is 
rotated by means of a . simple rigl -an 
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ative, AO. > splined shafts beine necessary. 
The lead screw for the integrator-wheel 
cattiage is parallel to the directed light 
beams, so ‘that, for any setting of the 


lead screw in the proper rate of carriage |Z 


travel, the light beams always will be di- 
rected 5 Pte through the: ‘optical sys- 
tem. 


“The a ae wheel assembly is 


mounted i in a pivoted support which per- 


mits free vertical movement of the wheel, 
thus assuring that it will remain in con- 
tact with the plate-glass disk. The wheel 
is of stainless steel, two inches in diameter, 
with aim having a 1/3-inch radius of 
curvature. Only a light pressure is re- 
quired between the wheel and turntable, 


because, regardless of output-shaft. load, 


all that is needed is sufficient friction force © 
to turn the light integrator-wheel-shaft 
assembly in its jeweled bearings. 
carriage i is, thus, merely'a guide for the al- 
most frictionless balanced integrator 
wheel. Statically, there is very little 
pressure on the jeweled bearing surfaces; 
dynamically, there is pressure depending 
upon acceleration, principally, but this 


pressure is equalized between the ‘two - 


jeweled bearings because of the unique 
arrangement of counterweights. 
_ Accurate alignment of the locus of the 


point of contact between integrator wheel _ 
and glass disk is maintained by means of 


ball-bearing contacts with guide rails. 
The vertical guide rail on the lead-screw 
side serves as the true guide, since the four 


ball bearings on this side (two making con- _ 


tact with the vertical guide and two with 
the horizontal one) are fastened rigidly to 
the carriage. The single bearing making 
contact with the horizontal gttide on the 
side opposite the lead screw is also fas- 
tened rigidly to the carriage: Thus, the 
weight of the carriage is supported by 
three points of contact with the horizontal 
guide rails, The two ball bearings run- 
ning on the vertical guide rail opposite the 


lead-screw side are spring supported on 


the carriage, thus causing the carriage to 


be held against the vertical guide on the - 


lead-screw side. 
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Figure 8. Mechanical inte- 
_ gtator connections for slippage 
performance tests of Table | 


The integrator output torque 
is adjusted by means of friction 
drum, brake band, and spring 
balances. Without slippage 


the revolution counters in the 


turntable drive and output 


shaft show a constant relation- - 


ship 


STEP- DOWN GEARS 
(IF USED) 


TURNTABLE 


Figure 9. Mechanical interconnections of two 
integrator units for the generation of sine- 
cosine curves 


This arrangement Was used for the sine-wave 
growth tests of Table II 


A lead-screw revolution indicator is 


shown in Figure 7, which is made up of 


two dials, one of which is graduated in 
hundredths of a revolution. The second 
_is stepped. down by means of gears to read 
complete revolutions over a range from, 
+65 to —65. Thus, boundary conditions 
may be set to hundredths of a revolution. 


A split nut is pivoted in the catriage as- — 


sembly and makes contact with the lead 
screw. Adjustable spring tension makes 
it possible to maintain the assembly free 
from back lash. A simple solenoid-oper- 
ated clutch release is used which is posi- 
_ tive in operation, and a push button is 
conveniently located so that boundary 
conditions can be set easily while the 
clutch is held in the released position. 

Ventilating covers are provided for the 
thyratron tubes as shown in Figure °7. 
Screw adjustments for proper setting of 
the amplifier circuit constants are pro- 
vided on the side of each unit. 

Two limit switch controls on the inte- 
grator carriage are used. in order to pro- 
tect against possible overtravel and con- 
sequent damage. These are arranged in 
sequence, so that, as the normal range of 
travel is exceeded, the first switch stops 
the time motor. 
continues beyond this point; the second, 
which is an emergency switch, releases the 
clutch in the integrator lead screw. 


Performance Data 


The integrators were designed to oper- 


ate at a maximum output-shaft speed of — 


1,000 rpm, One of the limitations on 
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If travel of the carriage” 


Ptr... 


maximum permissible speed is that of 
slipping between the integrator wheel and 
the glass disk. In order to determine 
whether or not this was an important 
factor over the speed range up to 1,000 
rpm, numerous tests have been made. 
The test set-up used for this purpose and — 


for the purpose of determining the over- 


all mechanical accuracy is shown in 
Figure 8. 
It will be recognized that, for each set- 


fixed ratio between the number of revolu- 
tions of the output shaft and the turn- 


‘table shaft. The revolution counters on 


ting of the lead screw, there should be a rs 


a 


these two shafts serve toadd up the num- 
ber of revolutions for each of these shafts. i 


and, when reduced to a common base of 
“equivalent revolutions” as required by . 


the particular lead-screw setting, will i 


serve as a means of evaluating the amount — 


of slipping and over-all mechanical ac- 


curacy. For instance, since the lead — 
screws have 16 threads per inch, and. since 


\ 
a 


J 


the integrator wheel is two inches in diam- re ; 
eter, there should be a 1:1 correspond- — 
ence between the revolutions of the turn- 
table shaft and the output shaft when the _ 
lead screw is set on either plus or minus | 
Thus, the integrator constant of 


16. 


Figure 10. Control cabinets which house the ys 
power contactors, the regulated d-c power — 
units for the amplifiers, the motor-driven field 
potentiometers of the Ward Leonard genera- 
tors, and the two time-motor speed-indicating 
instruments f 
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these devices is 16. Similarly, there 
_ should be just twice as many revolutions 
of the output shaft-as of the turntable 
shaft when the lead screw is set on plus or 
minus 32, and so forth. Any difference 
between these nominal ‘‘equivalent revo- 
lutions” is due either to mechanical er-. 
rors or slipping of the integrator wheel or 


both. Since any slip present should be a 


function of speed and acceleration, it 
seems reasonable to assume that, if there 
is no appreciable variation in the equiva- 


lent revolutions throughout the speed. 


_ and load range, any deviation from a 1:1 
correspondence based on equivalent revo- 
lutions is due entirely to mechanical 
errors and not to slipping. The test re- 
sults summarized in Table I indicate 
that slipping does not exist to a measur- 

’ able degree in these integrating units. 
Another test which affords a measure of 


the over-all back lash of the follow-up: 


system and connecting gear trains, an 

important criterion of performance, is 

shown in Figure 9. This system of con- 

nections will be recognized as that re- 

quired for the solution of the harmonic 
. equation 


yee Tt 
KG? 


in which K is the integrator constant and 
G is the gear ratio between the output 


Figure 11. Representative adder unit 


This low-friction design was found to require 
very small driving power 
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shaft of each integrator. With one slew 
screw set on zero and the other at some 
arbitrary number of revolutions from zero 


at the start, if there were no back lash, 


the amplitude of succeeding cycles should 
equal this initial amplitude. 
because of the presence of back lash in the 
gears and follow-up system, the amplitude 
of successive cycles (number of lead-screw 
revolutions measuring displacement from 


zero) willincrease. The rate at which this - 


growth occurs in terms of revolutions per 
cycle is a measure of the over-all back 
lash and, therefore, serves as a good meas- 
ure of performance. Typical sine-wave 
growth measurements of this nature are 
shown in Table II. Under the condition 
of high output-shaft speed and direct 
drive, the growth per cycle is most pro- 


nounced, as should be expected. As the 


step-down ratio is increased, the growth 


per cycle decreases rapidly and becomes ~ 


relatively independent _ of integrator- 
wheel speed. The test results tabulated 
in Tables I and II were obtained with rep- 
resentative integrator units without the 
use of compensating means of any kind. 


When it is necessary to work with greater _ 


accuracies, 


suitable provisions can be 
made. . 


Control System 


_ Speed control of the independent vari- 
able, ordinarily referred to as the time 


motor, is obtained by means of a Ward 


Leonard system which gives stepless speed 


control over the desired speed range, thus 
assuring the availability of optimum 


speed of operation at all times. . The field” 


potentiometer in the generator circuit is 


motor driven. This motor is controlled 


by means of push buttons at 12 convenient 
locations around the analyzer. A control 


panel is located at each input table and 


each pair of integrators. These panels in- 


_ clude “start,” “stop,” “raise,” “lower,” 


and “reverse’’ buttons. They are so inter- 


Figure 12. General 
view of the differ- 
ential analyzer from 
the input- and out- 
put-table side 


There are four input 
_ tables and two out- 
put tables. The in- 
put-table drives may 
be cranked in both 
the horizontal and 
vertical directions, 
All input tables have 
polar co-ordinate at- 
tachments 
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' motor cannot be raised ther 


that, when an operator later 
“start” button, accelerati 
“excessive. 


forth, in case of a runaway 


quired does not exceed those a avi 


_ duplicate in the bed of the machine with 


locked among the. onto ation st 
‘an ‘operator, at one A tion 


be déccediodl Bae  thouden C 
other stations may be push 
button. 


1“ 


position ‘‘hold”’ and | “neutral” 
an operator crankin; 
quires that a.certain time-mot 
be Execoaen the switch is t 


“hold” position. The speed o 


control station. It can be lo 
ever, at any control station si 
pushing a “lower” button. 
seen oe nee control ikea: Pp: 
will always isle pets oe 

Whenever a “stop” butt 
and the time motor nee co ‘ 


field eee -ositian “thus | 


\ mine Aa ee 


rent, is removed his are 
the machine against overspe 


whatever its nature. may be. — 

At each pair of. integrators 
push-button control for e1 
light source and tube filamet 
control has a time-delay relay 
interlocked with the a-c su: 


and thyratron circuits until 
have elapsed from the instant of 
ing the filaments, thus assuring a: 
heating time for the thyratrons. 
Two separate time motors 
one at each end of the analy; 
This permits the simultaneous si 
two problems, provided that 
number of integrators or input 


ne on which ¢ one is teste u 
conjunction with the integrators or the 
input table associated with that contr 

station. In order to meet this requir 
ment, all wiring for each time motor 


two outlets at each control station, o: 


for each time motor. By means of a j 
and-plug arrerpemicgy the control pat 
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can be switched readily from one motor to 
the other as the requirements may dic- 
tate. This is shown in Figure 7, for ex- 
ample, applied to a pait of integrator 
units. \ 


‘Figure 10 shows the control cabinets. 


They house the power contactors, the 
regulated d-c power units for the am- 
plifiers, the motor-driven field potentiom- 
eters of the Ward Leonard generators, 
and the two time-motor speed-indicating 
instruments. is 


Miscellaneous Component Parts 


A. total of 20 differential gear assem- 
blies or “adders” (one is shown in Figure 
11) is available for use with the ana- 
lyzer. These are of new design in which 
one of the major objectives was to keep 
friction to a minimum; this has re- 
‘sulted in light loads. : 
Helical gear boxes for right-angle 
drives are available. 
hhand and 20 left-hand drives. 
_ Each input table (four aie 2 vautBS) 
has both rectangular and polar co- 
ordinate drives. They can be used either 
as input tables for cranking in a function 


drawn in curve form, as manual multi-. 


pliers, or as output tables for plotting 
solutions. Two output tables are located 
near the center of the analyzer. Each of 
these has two pencil carriages and will 
plot two functions simultaneously. The 
input and output tables are shown in 
Figure 12, and a close view of the input 
table arranged for polar co-ordinate drive 
is shown in Figure 13. Output-table 
records are obtained either by means of 
‘a fine-pointed brass stylus which is main- 
tained lightly in contact with specially 
treated paper or by an inking pen. The 
ink records are easier to see and more 
permanent but do not permit as great 
accuracy in measuring. Figure 14 shows 
how distinct an inked output-table record 
‘may be. 

_ Change gears totalling 440 are avail- 
able i in different tooth ratios required to 
7. 
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There are 50 mere 


/ 


Figure 13 (left). Top 
view of input table 
showing the polar 
co-ordinate arrange- 
ment > 


Figure 14 (right). 

Top view of output 

table showing the 

ink pen and the clear 
ink records 


Figure 15. General 
view of the differen- 
tial analyzer 


In the background 
are the two control 
cabinets, the wall-— 
mounted master 
“power switches, and 
the cabinet contain- 
ing the induction- 
motor-driven Ward © 
Leonard generators. 
The rack on the side 
accommodates all the 
accessories, such as 
gears, shafts, adders, 
and right-angle . 
drives. The cabinet 
on the right of the 
accessory rack 
houses the air-con- 
ditioning system 


Figure 16, Adjust- 
able ‘“dead-band” 
units 


give adequate flexibility to meet practi- 
cally all needs. 

The main bed of the tastings is essen- 
tially the same as that for the analyzer 
at the University of Pennsylvania. It is 
approximately 32 feet long, and over-all 
width 9 feet. Fourteen steel pedestals 
support the analyzer. 
pedestals rests on the concrete floor to 
which all are bolted. Figure 15 shows a 
view of the complete analyzer. 

The stub shafts were aligned by means 
of the screw supports on the bus-shaft 
housings. These screws are very helpful 
in initially aligning the shafts for mini- 


mum friction and binding. Once aligned, 


the adjustment remains stable, and fur- 
ther adjustment has been found unneces- 


sary. 
Two “dead-band” units (Figure 16) 
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Each of these - 


are available for the purpose of simulating 
intervals of no response or zero sensitivity, 
such as may be encountered in the solu- 


tion of certain problems. Like those of 


_ the University of Pennsylvania, they are 


adjustable, so that the number of rota- 
tions of one shaft which can take place 
without the other one following it subse- 
quent to a reversal of direction of rotation 
can be controlled. Once adjusted and 
inserted in the machine, the machine 
automatically includes the desired “dead 
band” in the solution. ; 


Conclusion 


Since the completion of this new differ- 
ential analyzer several months ago, a 
number of important and urgent prob- 
lems have been solved. The continuous 
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loaded it becomes difficult to retain re- 
laying selectivity, because the currents 
, and voltages which the relays measure 
___ are not sufficiently different to distinguish 
___ between faults and power swings except | 
by adding auxiliary relays which check 
Me the rate of change of impedance. These 
auxiliary relays add complexity and can-_ 
not’ distinguish between power swings 
during which it is not desired to trip and 
=: "an out-of-step condition for which it may 
be desired to trip. i 
___- This paper describes a new scheme 
_ which inherently distinguishes between 
. the aforementioned swings and out-of- 
—* step conditions and, also, is very much 
m Paper 44-46, recommended by the AIEE com- 
_-_—s mittee on protective devices for presentation at the 


rd 


‘The MHO.Carrier Relaying Scheme 


A Simplified Gaper Scheme for Long oF Heavily 
Loaded Transmission Lines 


_R.E. CORDRAY 


MEMBER AIEE 


‘ 


-BBECAUSE of the wartime problems of 
increased loads and shortage of 


‘materials, it is often necessary to put 


heavy loads on existing transmission lines 
_ rather than build new ones. 
When transmission lines are heavily 


AIEE winter technical meeting, New York, N. Y., 
January 24-28, 1944. Manuscript submitted 
November 10, 1943; made available for printing 


“” 
December 13, 1943. 


A; 


MEMBER AIEE 


R. van C. WARRINGTON 
| 


simpler than its predecessors. It is 
based on the same principles as the “Long- 
line” relay scheme described in a group of 
papers!»?*3 presented at the 1943 AIEE 
winter technical meeting, using phase- 
angle rather than impedance magnitude 


as a basis for distinction between load and — 


fault conditions. It uses the same MHO 
unit, which measures admittance at about 
the phase angle of the protected line so as. 
to provide a very high pickup on loads 
and power swings when set to operate on 
a fault at the end of the section. In this 
‘way the relays keep the transmission line 


in service as long as it can transmit power © 


and remove it only when ‘the systems 
swing apart so. far that power cannot be 
transmitted. 


y 


Impedance Diagrams ) . 


In one of the aforementioned papers? — 


it was shown that the locus of the imped- 
ance seen by a relay at a given location on 
a transmission line is a family of circles 
for different ratios of V4/Vp where V, 
and Vz are the terminal voltages at the 
ends of the line. The diameter of the 
circle tends to decrease as V4/Vz de- 
parts from unity. It can be seen from 


_ Figure 1 that, if A were near the center 
of the system, V4/Vz would decrease as 


the angle between V4 and Vy increased. 


J SS E. Corpray and A. R. van C. WaRRINGTON are 
ad _ relay engineers, General Electric Company, Phila- 
_ delphia, Pa. ; 

b ay ; 

vee _ The authors acknowledge the assistance of the 
¥ operation and engineering departments of the 
__- Tennessee Valley Authority and the central-station 
-, divisions of the General Electric Company in 
analyzing the relaying requirements of heavily 
m . loaded transmission lines, 
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bi: ae 
availability of this analyzer will result in 
greater knowledge and better under- 
4 standing of many other technical prob- 
lems, solutions of which heretofore have 
been possible theoretically but impossible 


‘ 


_ practically. 
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Consequently, for 


seen by the relay at A dt 
of a power swing is a line 
proper points of angular 
tween V4 and Vz on the pr 
for varying ratios of V4/Vz. 
The difference between this ney 


equivalent generator voltages 
(Figure 1) are used instead of 
terminal voltages V4 and Vz. 
Es/Ep usually is close to uni 
loci will be circles of large 
different values of Es/Ep 
it is permissible to dispense 
plex calculations of the rigorou 
oH ils 
A @\_ 


Figure 1. Vector diagram of sim 

system 
and to consider all of the ci 
single straight line passing’ - 


point on the line-impedance v: 


of the relay location from the 


voltages Es/Ep is unity, and that th 
is no charging current or shu 


fore,*> and result in the follo 
tively simple determinatio i 
swing locus on an impedance 
b 


i 
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“180: 460- 440 oe -100 -80 -60 -40 20 X20 40 60. 


X/R=tan 75° 

* No shunt load 
Shunt capacitance 

neglected 
D=distance of relay 


80 100 120 Le 160 a 


location from equiva- 


lent internal voltage 


Figure 2. 


of the leading end 
Es, in per cent of 
R _ total impedance from 
Ms StoR 

The co-ordinates are 
scaled in per cent of 
total impedance from 
S to R; abscissas are 
resistance, ordinates 

are reactance 


Impedance diagram fat relays at various locations along a 


line geannenting two systems, or machines, applicable to the special case 


in which Es=Ep 


- 


possible inaccuracy is substantially tan- 
gential to the characteristic of the new 
relay and, hence, do not affect its setting. 
_ The construction for obtaining. the 
straight-line locus is as follows. Figure 1 
> is a simplified vector diagram of power 
transfer through a transmission line; 
assumes that the power system has a 
“uniform distribution of R and X and 
pregiects capacitance. S- A is the im- 
 pedance drop of the system behind the 
bus at the sending end of the line and 
i _R-B is the drop behind the bus at the 


ie 


receiving end. Eg and Ep are the send- 


_ ing- and receiving-end voltages which are 


them. Jsis,the load current, and ¢ is the 


_ impedance angle of the transmission line. * 


The input impedance at a point A is 
_ Va4/Ig which will change as 0 changes. 
If V4/Izg is plotted on an R and X dia- 

gram, it will appear as a straight line at 
right angles to the line impedance inter- 

_secting it at a distance from the origin 

equal to the distance of the point A from 

Bithe electrical center. The vectorial equa- 
~ tion of this line in terms of the angle @ be- 


1 


tween the generated voltages at the ends 


_ of the system i is 


Zs\ .o; ; 6 
‘ 24 eee —j cot | 


a 


_ where D is the per-unit distance of A from 


the leading end of the system (see Figure 
2), and Zs is the total impedance between 
pthe generator voltages Ep rand Eig; Z, 
B. and Zz, are vectorial quantities. 
_ When faults are plotted on a similar 
_ R-X diagram along with the power-swing 
characteristic we obtain Figure 3 A. A 
fault appears instantly as a point on the 
line characteristic LL’. This line is at 
4 the angle g=tan™ X/R where X and R 


1 
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are the reactance and resistance of the 


transmission line. Point B is at a dis- 
tance from the origin equal to the imped- 
ance of the line section being considered. 
Point B is for a solid metallic fault at the 


end of the section and, since most faults 


are flashovers and involve arcs which 
introduce a resistance, this is represented 
by adding such a component horizontally, 
the shaded area being the fault zone. _ 
‘Loads, power swings, and out-of-step 


conditions are represented as impedance . 


having different R and X values which 
move inward along a line at right angles 


. to LL’ and cut it at a point D such that 
_ assumed equal, and @ is the angle between 


AD is approximately the distance of the 
relay location from the electrical center. 
The values of 6 are marked along the 
power-swing line and it can be seen very 
quickly what degree of system separation 
appears as the sameimpedance value as a 
fault. 

When the characteristics of the different 
types of ohmic relays are plotted on an 
R-X diagram, Figure 3 B is obtained, 


which shows that, for a given ohmic set- ' 


ting (90 per cent of line length AB) the 
reactance relay operates most readily, 
the impedance relay less readily, and the 
MHO unit much less readily than either. 
It can beseen that the MHO unit is simply 
a starting unit set for first-zone reach in- 
stead of third-zone reach. 

When used with carrier blocking, how- 


ever, it is apparent from Figure 4 B that 


the tripping area of the reactance relay is 


restricted considerably on power swings; | 


out-of-step blocking, of course, prevents 
the distance elements from tripping in 
the horizontally shaded areas. In both 
cases; the electrical center has to be 
within the protected section to cause 
tripping, and tripping will only occur if 
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‘tion. The carrier tripping area is shown. 
- shaded vertically in Figures 4 Aand 4B 
-for the impedance and reactance relays. — 


‘carrier combinations may limit unneces- _ 


METALLIC 
ARCING 


Figure 3 A. Reapiahes venue "diagram" fot 
faults and swings 


In=power incoming to bus | 
~ Out=power outgoing from bus tye 


STARTING Die 


Pes 


PERCENT OF ia 
Mae IMPEDANCE vy as ‘ 


Figure 3B. Chidaian of relays plotted — . 
on the i and X diagrams of a simple power ' 
system {rae 2¥ 
‘ x : a 


the power-swing locus enters the tripping | By 
zones of the relays at both ends of the sec-! 


These diagrams are to the same scale, and ~ 
illustrate that the tripping area is some-_ 
what larger for the impedance relay be- 
cause the radius of the characteristic de- _ 
termines the distance reach in the im- — 
pedance relay, whereas only the diameter a 
is involved in the case of the starting — 
unit of ‘ats reactance relay, ol : 
Present Distance-Relay Carriers ‘ 
Current Systems 


It is apparent from Figures 4 Aand4B 
that both of the present distance-relay— 


= 


sarily the power that can be transmitted 
over a transmission line. ‘The reactance 
relay limits this power by virtue of the 
fact that the starting unit must reach as 
far as is desired for the third-zone time _ 
step. The impedance relay, on the other 
hand, limits the load transfer because of. 
the second-zone impedance unit, a type of 
relay unit that embraces more area on the 
impedance diagram than necessary. 
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simple relay scheme. 


~ 


*The fundamental basis of the relay sys- 
tem herein described is the use of the 
starting unit of the reactance relay, but 
with its ohmic reach reduced to slightly 
greater than the line impedance, thereby 
encompassing a minimum area of the 
impedance diagram. A third-zone backup 
step may be obtained, if dested: by 
means described later. 

To many operators, the principal objec- 


_ tion to present-day distance-relay—carrier 


_ schemes is their complexity. The relay 
system to be described eliminates a sub- 


_ stantial portion of this complication by 


Figure 4A. 
plotted on R and X diagram so as to show 
combined tripping area 


Impedance-relay characteristics. 


Vertically shaded area=carrier trip ' 
Horizontally shaded area=distance trip 


establishing a group of “‘building blocks” 
which provides, in most applications, a 
For the more 
difficult applications, additions may be’ 
made without changing the: fundamental 
telay scheme. - 


. 


‘Requirements of the Ideal Scheme 


Most of the requirements have been 
stated already in the previous paper on 
long-line relays.? A more complete fe 
is as follows: 


1. Trip instantaneously for internal faults, 


arcing or solid, including three-phase faults 


at the circuit-breaker terminals. 
2. Trip in delayed time for external faults. 


8. Provide carrier blocking for external 
faults. 


4. Not operate relays or carrier on loads 


up to the steady-state power limit. 


5. Control tripping on system oscillations 
according to a value of impedance, seen by 
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the relay, which represents the maximum 
power-swing condition for which it is desir- 
able to stay in. 

6: Be flexible enough to provide Socking 


on out-of-step conditions pave may make 
this desirable. 


7. Clear instantaneously all internal faults 
occurring during power swings or immedi- 
ately after an external fault. Trip after a 
time delay if out-of-step blocking is used. 


8. Allow reclosing after tripping on a fault, 


but not after tripping ¢ on an out-of- “step 


condition. 


The value of impedance representing 
item 5 depends upon either the r maximum 
angle which can be tolerated from a sta- 

; ; \ 


STARTING 
UNIT AT B 


-X 


Figure 4 B. Reactance-relay characteristics _ 


plotted on R and X diagram so as to show 
combined tripping area 


bility standpoint or the angle which can 
be tolerated because of other limiting 
system conditions, such as low voltage. 
Items 1, 3, 4, 5, and 7 are inherent in 
this scheme; item 2 may be achieved by 
backup relays as discussed later, and item 
8 is accomplished by using the rate of 
change of impedance for blocking the re- 
closing circuit instead of the tripping cir- 
cuit. 


operation of the relays now follows. 
Characteristics of New Scheme 


The original carrier-current idea® was a 
very simple one, consisting of only a pair 
of directional relays which started carrier 
for external faults and made up a trip cir- 
cuit for internal faults. This scheme re- 
turns to that idea in that it has but two 
relay elements—one for starting carrier, 
and one for the trip circuit. 


The basic circuit is shown schematically 
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Figure 5. | S 


oe 


‘A more detailed explanation of the ° 


to complete the trip circ 
ceiver relay, which trips 
carrier is started, SAE 
The oS ee ‘at 


section. 


Operation 


A. PHASE FauLts 


eel oGaaitone ty 
contacts Z;, Zo, and 23, F 
characteristic is shown a: 


An Sainte lence 


Figure 5. Characteristics of the he MHO-cai er | 
relaying scheme Ma 


1 tA ~ . 4 
M defines the tripping zone; Zi the carrier. : 
Starting zone : 


Figure 6 A. An impedance diagram illus- 


_ trating how the straight-line characteristic of a 


directional relay becomes a circle as voltage 
restraint is added 


Figure 6B. An R-X diagram ef a reactance 


unit (Z/90°) and an ohm unit (Z/9) 


Reactance unit—solid line 
Ohm unit—dashed line 


the advantage of being available, on 


_ medium-length lines, for preventing trip- 


< 


tions. 


ping or reclosure on out-of-step condi- 
It can also be used for controlling 


_a timing unit for backup purposes if the 


stepped distance-type backup is desired. 

The second, or tripping, element in the 
relay scheme is an admittance element, 
called, for short, a MHO unit, since admit- 


_ tance is expressed in mhos; its character- 


‘istic is shown by circle M of Figure 5.- ~ 


This unit has been known for many years 
as the starting unit of the reactance-type 
distance relay. 

A MHOunit isadirectionalelement with 


a voltage restraint added. Asa directional 


f 


particular angle. 


element, it has maximum torque at some 
As such, its character- 
istic is a straight line, as in Figure 6 A, 
operating to open contacts to the left of 
the line and to close them to the’ right. 
The addition of voltage-restraint curls up 
the ends of the Straight line into a circle, 
the size of which becomes smaller as the 
restraint is increased. | 

Each phase has a MHO unit, Mj, M2, 


and M;, which stops carrier through an _ 


- 
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pia}, GrRounD FAULTS 


auxiliary relay 1X and makes up the trip 
circuit through a carrier-current receiver 


_ relay R, if the fault is within the protected 


section. In this respect the scheme is 
similar to earlier equipments. 


The ground relaying has been consider- 
ably simplified by a return to the original 


idea of back-to-back directional relays, 


which is permissible for ground relays be- 
cause there is no complication of power- 


swing currents entering at right angles to 
- the fault currents. 


There is ‘a complicat- 
ing factor in the ground relaying, bow- 


‘ever, namely, the now known fact? that 


residual currents can appear in the cur- 
rent-transformer circuits for phase faults 
not involving ground. These undesirable 
stray currents occur because the current 


Bmhos 


RELAY AXIS 


- Figure 6 C. AG-B Araataraal a MHO unit 


(Y/—#) 


transformers do not balance out per- 
fectly, and this, in turn, is primarily the 
result of premagnetization of the core, not 
to mention differences in manufacturing 
tolerances, et cetera. The usual settings 
require current transformers to be within 
less than one half of one per cent of each 
other, which is a severe requirement. 

The use of a directional relay for start- 
ing carrier requires simultaneous errors 
of the proper phase angle of the polarizing 


source, as well as of the line current trans- ~ 


formers, before a false operation can 
occur, since it operates on a product of the 
residual current of the three line current 
transformers and the polarizing voltage or 
current. With directional fault detectors 
throughout, no preference need be given 
to either the ground or phaserelays. The 
idea of preference arose originally because 
the ground relaying had to be more sensi- 
tive than the phase relaying, and it was 
feared that load or power-swing currents 
would take control unless the ground were 
given preference. It has been dispensed 
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with now, because years of experience 
have indicated that false residual current 
may be produced by magnetized current 
transformers during phase faults, which 
may operate the ground overcurrent relay 
which turns on carrier and prevents trip- 
ping. 

Carrier is started by a pred direc- 
tional relay GD, (Figure 8) with normally 
closed contacts, which open for faults in 
the backward direction and remain 
closed for faults in the forward, or trip- 
ping, direction. The trip circuit is made 
by a similar directional relay GD: con- 
nected just oppositely with ne open 
contacts. 


Settings of the Z and ca Units 


The impedance relay may be set to — 
reach beyond the end of the line as long © 
as it does not exceed the impedance value 
(see Figure 2) corresponding to maximum 


. steady-state load. On short lines there — 


will be no possibility of this, but on very . 
long lines it is advisable to confine the 
relay setting to the line-section length, in — 
order to avoid having carrier on for long - 
periods. Reference to Figure 2 will show _ 
that, if the line could contain all the sys- 
tem impedance, the relay characteristic — 


- would reach to some point between the 


50- and 60-degree lines which represents 
about the maximum separation that 
would be considered for steady-state con- 
ditions. 
The MHO unit controls tripping, and, 
therefore, should not operate on power 
swings from which the system can recover. 
As stated before, the actual ohmic value — 
representing this borderline depends upon — 
system conditions, but it is known that 
above 90 degrees difference between the 
equivalent generator voltages the syn- 
chronizing power will decrease so that, — 
while they may swing almost 180 degrees — 
apart and still be stable, the limit is some 
value nearer 90 degrees. . Site 


BATTERY BUS 


Figure 7. Simple elementary diagram of the 

MHO.-carrier relaying scheme. The carrier 

starts when the circuit is opened and stops 
when the circuit is closed 


See subcaption of Figure 8 
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' With all’ the system impedance in the 
line, if the MHOunit has maximum torque 
at the same angle as the line and is set to 
a just cover the line, it will reach about the 
oS ‘90-degree separation line; if the line im- 
_ pedance is half the total impedance, it 
: ? will reach to some point between the 120- 

and 130-degree lines. It can be seen 
; from this that, on short lines and most 
4 _ long lines, the MHO unit will trip for 
faults and out-of-step conditions, but not 
Be ‘power swings. 


- 


By will be required, such as the ohm units 
e used in the long-line scheme,! which 
_ measure the component of impedance 

iz along the locus of the power swing so as to 
+» prevent tripping below a certain angle of 


system separation determined by a sys- - 


_ tem study. 

be It will be seen from the foeuame that 
an application engineer can determine 
S relay settings readily, as soon as he has 
decided the limits of steady-state load 
ie vand the maximum angle permissible for 

_ power swings. — 
ae 


: 


ee 


“Description of Relays Used 


A. Tue PHASE RELAYS 
_ Impedance Fault Detector. 


maximum length of line that can be pro- 
, tected with this system of relaying. The 
‘e: longer the line, the less difference there 
y " will be between the impedance of a remote 
fault for which the relay should operate 
iy and the impedance for load conditions for 
_ which the relay should reset. In other 
words, the pickup of the relay and the 
dropout current should be as near to- 
gether as possible. 
The impedance unit Z used is of the 
_ induction-cylinder-type construction, us- 
ing all eight poles to obtain a torque pro- 
portional to the operating current. This 
torque is perfectly smooth, free from any 
 60-cycle vibration—an inherent feature 
- in the induction-cylinder construction.’ 
This feature is necessary because the unit 
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On very long, very heav- 
A ily loaded lines, some form of “blinders” 


The char-, 
v acteristics of this relay oftendetermine the. 


: Figure 8. Canales elemen- 
_ tary diagram of the MHO-car- 
rier relaying ‘scheme 


' A=ammeter 
‘GD, =ground directional relay 
~ (blocking) 


(tripping) 
My Mo, Ms=MHO relay units 
in. phases 1, 2, and 3 

MX=MHO achiltiaesy relay 

R=receiver relay J 

RA=receiver alarm relay 

T=target 

Zi, Z, Zs=impedance-relay 
units in phases 1, 2, and 3. 


Figure 9, Characteriities of induction-cylinder 
up sasnes relay 


may remain in the operated position for 
considerable periods of time when the 


_ systems are exchanging power at neat the — 


stable operating limit. Voltage restraint 
is provided by anattracted-armature-type_ 
construction with an adequately 
smoothed pull. This type of construction 
gives the most force for the least volt- 


ampere burden—practically a require- 


ment for an impedance relay. Such a re- 


_ lay is seriously limited in this respect be- 


cause the potential coil must stand tated 
voltage continuously and yet, when it is 
called upon to operate, must do so with 
only a small percentage of normal voltage. 
The usual disadvantage of an attracted- 
armature construction is that the force 
diminishes rapidly as the gap increases, 
being higher than the second power of the 
gap. This is minimized by operating 
with an air gap several times as large as 
the contact gap, and by using the mini- 
mum number of contacts; namely, a . 


Figure 10. Tripping zones 

illustrating conventional and 

nondirectional long = line 
backup 


oe 


‘, eas paar 


GD, = ground directional relay 


: origin. This difficulty is 


has been reduced to zero 


phase- to-phase as on three x 


to) oe: 


out of over 90. per | Piet of s 
tained, Figure Over : 

T he MHO T ripping Relay, t 
cytinder construction + employed a 
cit 


ribe sad a Baevalte tor: 
tional to EH. The angle of 60d 
selected as being near, but 
smaller than, the natural angl 


ping zone for pOWeE swings as & 
under ‘“‘Operation.” 
One of the most a Se gE 


at which the ike ase pas 


it t for several ae afte 


to the bus. This featur 
shew on the two- il 


une lave a ae soit 
The MHO unit has dot 
rent coils which give the 


is ioe itn its setting Za e “Thi 


CONVENTIONAL : ZONE 3 | 
PROVIDED BYARELA a . 


i 


istic can be tilted as shown by the dotted 
line, and then the unit operates whenever 


the ohmic component along the perpen- 
dicular line through the origin is less than 
the setting of Z/P. Now, the MHO-unit 
characteristic is a straight line when 
plotted on an admittance diagram, as in 
Figure 6 C, and this immediately shows 
that it operates whenever the component 
‘of the admittance Y at the angle ¢ is 
greater than the relay setting. 


B. Grounp RELAY 


_ The ground directional units are like- 


wise of the induction-cylinder construc- 
tion available with either current or po- 
tential polarization. Their torque is pro- 


portional to the product of the two cur- | 


rents or to the current and the voltage, so 
that false operation would require an er- 
tor in the polarizing source as well as a 
false residual current resulting from un- 
‘equal current-transformer action. 
lack of response to the d-c component of 
offset waves is an already well-known fea- 
ture of the induction principle. 


C. RECEIVER RELAY 


A conventional permanent-magnet po- 


larized receiver-relay unit is employed. 
Tt has spring-closed contacts and two re- 
straining windings, one energized from 
the local battery, and the other energized 
by carrier received from either end of the 
line. 

__ Usually, the first winding is energized 
‘through back, or normally closed, contacts 
of the mho-auxiliary unit MX in Figure 8, 
and holds the _Teceiver-relay contacts 
‘open. When a fault occurs, the fault de- 
tectors turn on carrier; energizing the 
second winding by the carrier-receiver 
plate current. If the fault is within the 
protected section, the phase or ground 
directional relay M or GD shuts off carrier 
and de-energizes the battery winding so 
that the spring-operated contacts of the 
relay close and trip the breaker. 

_ The advantage of this arrangement is 
that the second winding, the so-called d-c 
holding coil, keeps the contacts open until 
the trip circuit is completed. This coil is 
energized for reverse faults, thereby pro- 
Viding double assurance of preventing 
tripping. “f 


Backup Protection 


Backup protection is being considered 
Separately because opinions differ as to 


the best type of relays, but almost every- 


one agrees that the backup relays prefer- 
ably should be self-contained and sepa- 
rate from the carrier relays. 

= This is most easily achieved with an 
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The 


ground relays for which the standard 
residual product or directional residual- 
overcurrent relays are very satisfactory. 
In the case of the phase relays, either 
directional overcurrent relays or stepped 
distance relays can be used, but in either 
case a MHO unit should be used for direc- 


_ tional purposes, except in the case of very 


long lines on which the 20-degree ohm- 
unit blinders! are used. 

The standard two- or three-step dis- 
tance characteristic can be provided, 
though with some loss of simplicity of the 
scheme. The first step may bea standard 
reactance ohm unit set for 90 per cent of 
the protected section, using the MHO unit 
of the carrier-relay group as a starting 
unit; or it may be an entirely separate 
MHO unit, set for 90 per cent of the line 
and connected directly to the trip coil so 
as to provide a very reliable emergency 


~MHO UNIT 
AT B 


\ CARRIER 
\, TRIP / 


Figure 11 A. Conventional zone-3 backup 
for a short or medium-length line showing 
zones of protection provided by breaker A 


Figure 11 B. Nondirectional zone-3 backup 

_ for a long line, showing zones of protection 

provided by breaker-A relays and supple- 
mented by breaker-B relays 


Note that the zone-3 circle is the same size as 
Figure 11 A, which is determined by the 
maximum-load transfer. A\ll the enclosed area 
: represents protection 
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trip of the utmost simplicity. The chief 


purpose of the zone-1 distance step is to 
provide protection when the carrier equip- 
ment is out of service for maintenance. 

In anemergency,instantaneous tripping 
on internal faults can be obtained while 
the carrier is out of service simply by 
short-circuiting the receiver-relay contacts 
with the carrier cut-off switch in the ‘‘off” 
position. This will enable the MHO unit 
to give instantaneous protection with 
carrier off; the fact that it is set for 110 
per cent of the line ohms may not be as 
important as it sounds because, if there is 
generation on the bus, the actual reach in 
miles may be only one or two per cent 
beyond the end of the section, and the 
chance of a trip on an external fault in 
that small section would be very remote. 
If immediate reclosing is available, its 
significance almost disappears. 

The second and third zones can be pro- 


vided by a timing unit controlled by the ~ 


impedance relay. The zone-2 contact is 
connected in parallel with the receiver re- 
lay so that, if the latter does not operate, 
such as when the fault is just beyond the 
bus but within the mho-unit range, the 
breaker will be tripped after a short delay. 

On very long lines it is difficult to make 


the third zone reach far enough to do 
much good as backup, particularly if | 


there is generation at the next bus. In 
such cases the relay nearer the fault can 
be used for zone 3, as shown in Figure 10, 
so that the voltage restraint on the relay 


is less by the drop in the line. The upper 
part of Figure 10 shows the usual arrange- 


ment of the time steps of distance relays 


+ 


and-the lower part shows how the third — 


step can be provided by the relay near the 
fault. The appearance of the relay char- 
acteristics to achieve this result are 
shown in Figures 11 A and 11 B, respec- 
tively. 


POWER SWING 
LOCUS 


ty, 


Figure 12. Blinders permit power swings to 
enter the MHO-unit circle 


Note that the 60-degree MHO circle requires 
but one blinder on a 75-degree line 
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This simply means having the third- 
step timer contact going directly te the 
trip circuit and not controlled by a direc- 
tional unit. The range of the third step, 
_ therefore, will be the ohmic setting of the 
impedance relay, which, on a long line, 
will be something less than the length of 
the setting. Thus backup time will be 
provided for external faults behind the 
bus and, also, over part of the protected 

section. 

- Very Long Lines 

Figure 2 shows that the impedance seen 
by the relay during a swing decreases as 
_ the systems get farther apart until a point 
is reached where the relay characteristic 
is crossed and the tripping occurs. Since 
_ the size of the relay characteristic in- 
creases with the length of line covered, it 
can easily be seen that the tendency of the 
telays to trip during power swings in- 
creases with the length of line and the 
magnitude of the power swing. 

Lines which are so long, or so heavily 
loaded, or both, that the line impedance 
during power swings is low enough to 
operate the MHO unit, require additional 
relays, which have been referred to as 
blinders, to prevent undesirable tripping. 
Lines in this category have more than 
half the total impedance between the ends 
_ of the system; that is, the line impedance 
must exceed the sum of the impedances 


beyond each of its extremities, so that the | 


length of the line from the relay point of 
view depends on its length in miles and 


the generation at its terminals. Actually, - 


such lines are usually over 200 miles long, 
though a heavily loaded line half this 
length could require the blinders. 

These blinders are ohm units measuring 
a component of impedance along the 
power-swing locus, that is, about at right 
angles to the line characteristic. 

These units have been described else- 
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acteristic loci of im- 


relays during a 

power swing for 

different ratios of 
~Va/Ve 


where in detail.!_ They are similar to the 


standard G-E reactance-relay ohm unit 
except that they measure impedance at — 


20 degrees lead instead of 90 degrees lag. 
Their ohmic setting corresponds to a cer- 
tain amount of load transfer or system 
separation, so that they may be set to 
trip on a power swing of a desired magni- 
tude. 

In some cases it is dasigable to permit a 
separation of more than 120 degrees be- 
tween the generated voltages when they 
are considered lumped at the ends of the 
line. Reference to Figure 2 shows that 
120 degrees separation represents an 
ohmic value equal to 29 per cent of the 
total impedance between the ends of the 
system, which means that a MHO unit 


with maximum torque at the same angle 


as the line phase angle must not be set to 
cover more than 58 per cent of the system 


impedance without blindérs; if one allows 


for a MHO-unit setting of 110 per cent of 
the section, the impedance of the pro- 
tected section must not exceed 58/110 = 
0.52, that is, about half the total system 
impedance. If 150 degrees is considered 
the criterion, the MHO unit must not be 


‘set to cover more than 28 per cent of the 


total system impedance. For 90 degrees 
separation the figure is 100 per cent, which 
means that, no matter how long the line 
is, the MHO unit will not trip on swings or 
load conditions causing a system separa- 
tion of less than 90 degrees. It should be 


remembered, however, that Figure 2 as- 


sumes straight lines for power-swing loci, 
whereas they are generally curves and 
variable, so that these percentage values 
are only approximate. 

The corresponding figures for the im- 
pedance relay are half those of the MHO 
unit because the radius of the impedance- 


unit circle gives the same ohmic, or dis- 


tance, setting as the diameter of the MHO 
unit. In other words, the impedance unit 
mist be set for not more than half the 
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Reclosing | 


loaded lines are the line: 
or parts of a system wh« 
in the loss of other-ties. 
taneous reclosing aft 
often be the means of saving 
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ae after faults ee. not aie 
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because in latter case Psa 


by an abrupt change: 
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the new load is greater than the lo 
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This selection of condaae suitab 


ia 


BLecraicat ENGINEER 


? eA Se 


reclosing therefore can be made on the 
basis of the ohms along the power-swing 
locus representing the maximum steady- 


state load. A blocking relay with this 


ohmic setting can pick up an auxiliary 
relay with a slight delay which will pre- 
vent reclosing unless it is de-energized 
by the tripping relay before the auxiliary 
has had time to pick up, as would be the 
case of a fault where the blocking and 
tripping relays would operate sinrultane- 
ously. 

On short and ede lines the 
impedance relay that starts carrier can be 
used, also, to energize the auxiliary relay 


for blocking reclosure, because the imped-_ 
ance relay can always be set higher in 


ohms at any angle than the MHO unit 
which controls tripping and which can be 
used, also, for preventing the blocking: : 
On very long lines the impedance unit 
may not pick upbeforethe MHO unit, and, 
in fact, both may be rendered ineffective 
by blinders. In order to ensure proper 
operation, in such cases, an additional 
single-phase unit is required to pick up 
the auxiliary relay and it must be of the 
same type as the tripping relay but witha 
higher ohmic setting. If the tripping re- 
lay is a MHO unit, the blockingrelay must 
also be a MHO unit, so that it will pick up 
before the tripping MHO unit under all 
conditions. Similarly, 
limited by a blinder, the blocking relay 
also must be an ohm unit like the blinder, 
but. setforhigherohms. Thereis alwaysa 
margin between the two like units, be- 
cause the tripping unit must be set below 
the ohms of the maximum power swing, 
whereas the blocking unit has only to clear 
steady-state load conditions. 

Where stepped-distance backup is used, 
the distinction often can be made very 
simply by arranging to reclose only after 
tripping by carrier relays. The line must 
be short enough to permit the impedance 
unit to be set farther than the MHO unit, 
so that carrier blocking will be available 


if tripping is . 


on all power-swing conditions where the 
electrical center is within the protected 
section. In that case power swings will 
trip through the first-step MHO or react- 
ance unit and will not reclose, whereas a 
fault will energize the carrier-relay trip 
circuit, also, and operate an auxiliary re- 
lay which will initiate reclosing. 


Conclusions 


The new scheme has a direct approach 
to the problem of relaying heavily loaded 
transmission lines, and has the virtue of 
considerable simplification over previous 
schemes. 


It is applicable to all lines which nor- 


mally would be considered long enough to 
justify the cost of carrier relaying. 


Appendix 


The following is a pictorial explanation of 
why the impedance loci appear as circles for 
a given ratio V4/Vz. It has been ex- 
plained already under “Impedance Dia- 
grams” how the straight lines in Figure 2 
are obtained for the condition Es =Ep aud 


no shunt impedances. Figure 13 A shows a - 


series of diagrams representing the loci Z4 
and Z, at stations’ A and B in Figure 1, A 
being at the leading, or sending, end of the 
transmission line AB. 

The current diagrams‘ would be circles if 
all the impedance were in the line, that is, if 
bounded by infinite busses. As the relay 
location approaches the electrical center the 
current locus approaches a semicircle. The 
voltage locus, however, has a complemen- 


tary shape, so that the impedance becomes a° 


circle. 
In these diagrams capacitance has been 


neglected, but it can be seen easily that 
capacitance will tend to curl the straight — 


lines for V4/Vg=1 downward, because 
they would tend to pass through a point on 
the —X axis when Vy, and Vg, were in 
phase, so that the only current was charging 
current. Hence the effect of charging cur- 
rent would be to make all the circles below 
the R axis smaller and those above it bigger. 
For that reason the circles Z 4 and Zz would 
not be exactly symmetrical with respect to 
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cand Vz/V 4 are large. 


each other. In other words, if Z4 and Zz 
were plotted on the same diagram, as in 
Figures 4 A, 4B, and 13 B, the two loci 
would not coincide because of the effect of 
capacitance. 

In the preliminary ace of Figure 
13 A, small circles are shown because V4/Vz 
Actually, the ratio 
would seldom exceed 1.25 and the circles 
would have a very large diameter, so that 
the part in the region of the power swings 
and the relay charactéristics is more nearly 
a straight line. 

A great deal of work has been done on 
graphical and analytical methods of obtain- 
ing the power-swing impedance loci. A 
quick method” is to obtain the line imped- 
ance in the form of the equivalent T, and to 
calculate directly from it the radius and the 
ordinates of the center of the circle for the 
required ratio of V4/Vx by vector algebra. 
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Effect ah “‘Aletade on pulse pa 60- 
Cycle Strength of Electrical Apparatus 


P. L. BELLASCHI 
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LTITUDE is accompanied by a 

lowering of the air density, and, 
accordingly, it affects the performance 
of electrical apparatuses which depend 
on the air for operation. Thermal per- 
formance is affected because of the re- 
duced heat dissipated by convection. 


Similarly the dielectric strength suffers 


a decrease with lower air density. The 
windage losses of machines and damping 
of instruments are less, but, in either case, 
the amount is not of consequence. At 
very high altitudes commutation may 
present a major problem and storage 
batteries become affected adversely. The 


_ interrupting capacity of some circuit- 
- interrupting devices is. also affected, the 
amount depending on various conditions. 


These are well-known instances where 
altitude is a factor in the operation of 


electrical apparatus. 


Much research activity has been 
From the 
beginning of high-voltage transmission, 
altitude was recognized as a factor affect- 
ing the’ operation of line and station ap- 
Repeated efforts have been 
made to determine corona loss, and, to 
this end, several investigations have been 
conducted on transmission lines at high 
altitude.2-5 Contributions on the di- 


electric strength of air®7-* and of elec- 
trical apparatus’ at normal and low air 
densities date from this early period. 


Similarly the effect of low air density 
on the thermal characteristics of elec- 


_ trical apparatus has been the subject of . 
comprehensive investigations both from 


an engineering?—4 and a fundamental 
approach,!56 The physical aspects and 
other practical considerations of the 
problem!’~*! have been examined from 
time to time. As far as feasible the 
results of this work have found ex- 
pression in the various apparatus stand- 
ards and test codes. 

Certain fundamental data are still 


- 
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| lacking although much progress hhas been . 
This fact has been brought out in © 


made. 
the Pacific Coast AIEE conference on the 
‘“Bffect of Altitude on Rating, Testing, 
and Operation of Electrical Apparatus” 
in conference papers presented by P. L. 


Bellaschi, L. W. Robertson, and V. M. | 


Montsinger and elsewhere.”? For in- 


stance, an immediate need is for impulse 


and 60-cycle data on actual station and 
line apparatus at low air densities corre- 
sponding to high altitude. This need 
has been recognized for some time, and 


. the results of this investigation should 


therefore be timely and helpful in the 


‘field of application at high altitude. 


Test Setup and Apparatus Tested 


The tests were made:in a sealed Mi- 


carta cylinder, 30 inches in diameter and 


60 inches long inside. The test setup is 
shown in Figure 1. Either end of the 
cylinder may be removed, the apparatus 
for test enclosed, and the vacuum drawn. 
At the desired ‘air pressure, voltage is 
applied to the high-voltage terminal 
which enters the cylinder at one end, the 


second terminal at the other end con- 


necting to ground. A valve is set to leak 
air into the cylinder at a rate equal to 
the air removed by the vacuum pump; 
thus the air circulates through the 
cylinder and the inside pressure is main- 


H VOLTAGE 
ao 


a 
MALVE 


Figure 1. View of 
test setup 
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insulator string in the process 


the Micarta cylinder in conduc 


the manner prescribed in 


ATM 


tained constant, 


couple thermometer the 
in the cylinder. 
The tests cover some of ee ee 


and on ace These are listed ir 
Figure 2, Pine pare ts: pus 
the Winder ape wae Ne: have be : 
tested. Figure 3 illustrates a 


lowered in the. cylinder for t 
arrangement in Figure 4 for nelo 
69-kv bushing indicates the fle: 


tests on the various station and ne 2 
paratus. In part of the tests. 
wood crossarm, phowa in A 
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GROUND 
“TERMINAL 
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Table I. 


y Pi 4 ra ; 4 


epee Tests 


- ‘ ' 
-. : ; ay ‘ _ 1,000 Kilovolts Per’ i 
w } 11/2x40 Microseconds § _Microsecond 
2 a , 7 —— ——. 60-Cycle 
5 Apparatus Tested ~~ Type Positive Negative Positive Negative Tests 
5-kv switch and bus insulator. . .Station (outdoor)....X.......-Kicececcccccece Mi caeheske pig seal teste x 
9-kv switch and bus insulator, ,.Station (outdoor)....X........ DS q 
9-ky condenser bushing. ....., Station (outdoor)....K........ ve 
-unit 10-inch-diameter sus- 
pension insulator...........: -Station an@ line, 0.08... x 
§-kyv dry-type current trans- 
BITE. ca SANE PTA yc 0 .. Station @ndoor) ee 
5-kv ST asatis insulator. aewantation indoor) He seXiks ots. Bb: Seat ta aes Fat AN Fak a Ne x 
-ky air-insulated trans- \ 
“former (Model)............. Station | (indoor) TD SEE ree 2. See ae era ee ne ake 
.66-kv air-insulated trans- 
transformer (Model) Std. ties Station Windoot) sn cw aetees oper Bers Shaler pen castorate neo taee Gree eT xX 
6-kv crossarm, four-foot sec- 
BI a Mr ec ated Gidea a fw. Life ei oc x 
Pend 12-inch rod gaps......... General ioaee NORE: artes coh gree 2 i ag A x 
“ATE ts i) General ate! soe ete Sn x 
. General eeABrore ay ah ie x 


/a-inch transformer oil (gap) . 


—- 


i. 


-ondition the apparatus and the cylinder. 


in‘ some tests, as on the transformer oil, 
constant air density was maintained 
several hours previous to the test. As 
stated before, a‘leak valve in combina- 
on with the vacuum pump provided a 
continuous flow of the air at constant 
pressure in the cylinder. 
Tests were made from normal to low 
air densities and vice versa, with practi- 
cally the same results. Most test data 
are limited from 1.00 to 0.50 relative air 
density (RAD), as this covers the practi- 
cal range in altitude encountered on the 
earth’ 's surface (Table II). However, 


some tests were extended belew 0.10 
a. ieee 


tested 


_ Apparatus insulator, 15-kv class, indoor 4 


type 


Switch and bus insulator, 15-kv class, 
sutdoor type, National Electrical Manufac- 
F turers’ Association standard 


- Switch and bus insulator, 69-kv class, 
: q putdoor type, NEMA standard 
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re 2. Typical switch and bus insulators 


Figure 3. 


RAD which corresponds to well above 


40,000 feet and a few up to 1.50 RAD. 
All tests were made at room temperature, 


' 20 to 30 degrees centigrade, and at 890 


feet (Sharon, Pa.). 
The data are reported in terms of “ 
relative air density, given by the formula 


0.392 b (millimeters) 


RAD = 
273+1(degrees centigrade) 


in which 0 is barometric pressure and # is 
temperature, The absolute humidity at 
‘the low RAD’ sis, essentially, the ab- 


Test anangainent for Ri i in- 
sulators ' 


Insulator string being lowered into cylinder for 


test 
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reported for each series of tests multi- - 
plied by the RAD. The reason for this 
' lies in the fact that for a given mass of — 


correspondingly higher capacitance for 


cal oscillograms are shown in Figure 15. 


~  sulators. ; 


to flashover observed at low air density. 


Ff - , 
u e va 


solute humidity at atmospheric pressure 


air, the water content is the same inside 
and outside the cylinder. a 

The technique of testing and measure- 
ment fully complies with the recognized “ : 
methods described in AIEE Standard 
4 (1943). In this respect the Sharon ‘ 
high-voltage laboratories are well 
equipped for both 60-cycle and impulse 
testing. For instance, an impulse genera- 
tor of 0.016 microfarad at 3,000 kv and 


lower test voltages was available. All 
impulse measurements were recorded 
with the cathode-ray oscillograph. Typi- 


Full-Wave Impulse Tests 


The critical flashover data for 69-kv 
and 15-kv switch and bus insulators are 
plotted in Figure 6. Each point rep- 
resents the crest of a 11/:x40-micro- 
second voltage impulse which caused | 
flashover on 50 per, cent of the applica- — 7 
tions. From normal to 0.47 RAD, the 
lower limit of these tests, each set tof tas 


points practically determines a straight i 


line. The voltage over this range is — 
directly proportional to the RAD plus a e 
constant. One curve extends to 1.23 — 
RAD which at 760-millimeter barometric 
pressure would correspond to —51 de- 
grees centigrade. These curves are 
typical of the tests made on other out- 
door station apparatus and on ae in- 


One point of interest is the longer time 


=a 


Figure A: Test arrangement for bushing 


. 
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Atmospheric Conditions at Various Altitudes | ; ig 


, Table Il.’ | 
- : ‘ x 4 ied ; ‘ PPE 
Isothermal** - 
Atmosphere 
Standard Atmosphere* —_ Conditions on 
‘ ‘Temperature = Earth’s Surface 
ore es Humidity 
Elevation Barometric Temperature 0.392b Barometric Temperaturet umidity | 
Pressure eae —_——— Pressure (Degrees Vapor Pressure Hie 69 KV | “CLAS: a 
Feet Meters (Millimeters) Centigrade) 273 ap t (Millimeters) Centigrade) (Millimeters)f rr . 
Ww 
- Ee 
On. OP Setskotec TGO"S" 12 atpeaa eee TE eee vere tl \OSicdawints TOO pasate kts PAGES esac 15.45 9 
eae LOOO ee ct oon trai a Dik eeye O04 k tite ig (0 Sete Sire -Aaie EOu Seni ees 10.60 ” 
GH 2 seo ONO 2. hy HOGI Beer cas rh eas OSSD as eit OD wate (otek ate v iit ac Cee 7.40 a 
_ 9,843. . 3,000... Di cha ccteican Spmets 4B), Zeta Ue A file ai reseed (oA ee cor De ace feavay ants 5.10 4 
13,120.. 4,000... G2 ee br exe) ees ct) Wie ener OF69 estas AGT cc asenne ane SD ttc aon 3.50 | 
29690 s9-6:000. 3. sy Bi Se Caen e —24...... (0s eee eco Xo eae he, Foe = 4, cose ace? 1.70 pages 
26,250... 8,000......% QO smepanys cia ous Ol slave siete O44 Sade o 280 
32,800. .10,000....... ROSSI, SS tkcnsce —50...... ORS De Peters cote 218 
39,370. .12,000....... TS ete 58. a6 ate ORZ Ga chemececees 169 
49,210. .15,000....... SON ttites enue =D ets ine 34 ON LG oroteictat 116 
65,620. .20,000....... 41 Ae cts OO a eae se (1 80) oS rer 60 


* National Advisory Committee for Aeronautics reports 218 and 538. 
** Smithsonian Meteorological Tables, numbers 56 and 57. 


t Reference 20, “Mean Temperature for the Entire United States.” 


t References 17 and 19, typical data for standard BGs (15.45 millimeters, vapor pressure) at the 


: RELATIVE AIR DENS 
"i earth’s surface. ' 


' 


' ie < Figure 6. 


. e 

In Figure 15 are typical oscillograms. 
Thus, for the 69-kv bus and switch insu- 
lator and a negative wave, the time to 
flashover at 0.97 RAD is seven micro- 


seconds and at 0.47 RAD, 27 microséc- 


onds. Present concepts of the break- 


_ down mechanism appear to be in accord 


with this effect. 

The tests in Figure 7 were made on a 
15-kv dry-type current transformer rated 
100/5 amperes. This apparatus depends 
for its strength on tape or layer insula- 

_ tion in combination with the air. Flash- 
over determines the insulation level. The 
._ eutrve is typical for similar indoor station 
~ apparatus. The flashover at 0.50 RAD 
again is somewhat better than one-half 
, the voltage at 1.00 RAD. 


4 


i 
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Figure 8 presetits typical data for 24- 
inch, 12-inch, and 6-inch rod gaps. Some 
of these tests cover a range from 0.10 to 
1.50 RAD. The variations are much as 
would be expected for rod gaps. For the 
most part the curves are straight lines. 
Tests at low RAD show long times to 
sparkover as noted for apparatus. 
unusual effects were observed; for in- 


stance, below 0.05 RAD the collapse of 
the voltage would be abrupt on some tests 


and in others slow. ioas 

Wood is used extensively in trans- 
mission and distribution and, lately, in 
substations. For this reason, it was de- 
cided tests should be made. New, sea- 
soned-fir crossarms for a 69-kv line _were 
cut in‘lengths suitable to enclose in the 


Figure 5. Testing of wood 
, ¢rossarm 


Cylinder provided with port- 
hole window for viewing test 
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Other 
further the fact that wood is 


Critical-impulse fla 
standard switch and bus insul 


Atmospheric conditions 


Barometer, 740 millimeters 
H salt 16 millimeters. 


cylinder and ede foot” "se 
The data, given in Figure 9, 


able on impulse. _ However, 
show clearly that the . im) | 


freien ® When ‘tee Gina 
the air, the voltage collapses 
to zero. In some of the tests t 


__| positive, Ye x 40. we 
a MICROSECOND WAVE _, 


o 8 
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Temperature, 27 degrees centigra 
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“igure 8. Critical-impulse sparkover of rod 
gaps 


Atmospheric Conditions 


Tem- 
Barom- perature 
eter (Degrees 
—- (Milli- Centi- Humidity 
Gap Polarity meters) grade) , (Millimeters) 
Q4...negative...... WS \ Oe a ae 5a tases 7 
24. ..positive ...... SAE Shaic OEP OF isha 19 
12...positive:..... PIER pe Mee SOR oA ee 8 


6...negative...... WBS carats GUS OP Sistsic aro 12 


rams E of Figure 15. The streamers at 
the low RAD, often extending over a 
long section of the wood without com- 
pleting the breakdown, were plainly 
visible. The splintering was moderate 


as the currents were limited to a few 


thousand amperes. 


580! x40 Gare 
COND WAVE CD) 


Bes 
2s 
RES RV eA, 
Pt Toots] TT 
Leases 
mea eee 


KILOVOLTS - CREST 
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RELATIVE AIR DENSITY 


s 9. Critical-impulse flashover of four- 


= foot fir crossarm 
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i” 


ls X 40 MICROSECOND 
POSITIVE WAVE 


ay, A~15 KV DRY TYPE 
CURRENT TRANS 


RELATIVE VOLTAGE 


40— 
40°...60 80 
RELATIVE AIR DENSITY 


Fisite 10. Effect of air density on critical- 
impulse flashover and sparkover 


120 


At the high RAD all tests were accom- 
panied by vigorous noise upon flashover 
or sparkover. At 0.50 RAD the noise 
would dwindle materially and ag cad 
vanish at very low densities. 

Beside testing typical ‘apparatus, tests 
were made on insulation of interest in 
engineering. In Figures 10 and 11, these 
and the previous data are plotted in the 
convenient form of correction factors. 
For the apparatus in air the curves 
cluster close to a line that runs from 
unity through zero. A conservative pro- 
cedure would be to consider the impulse 
level of station and line apparatus in air 
as directly proportional to the RAD 
after it is recognized that the posi- 
tive impulse generally determines the 


A-+ INCH OIL GAP, 
DISC TO PLATE 
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ee 
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Figure 11. Effect of air density on critical- 
impulse flashover and sparkover 
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~ POSITIVE ee aeoanc 
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0 02) 04 O6 O68) “lom Lo Iauhe 
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Figure 12. Front-of-wave sparkover of rod 
gaps ' 
Points are typical of the spread and represen 
values for 12-inch rod gap 
Atmospheric conditions 
Temperature, 29 degrees centigrade 
Barometer, 742 millimeters 
Humidity, 9.0 millimeters 


level. For a most exact evaluation of 
the correction factors reference should be 
made to Figures 10 and 11. ; 

Curve A of Figure 11 shows a teduction 
of ten per cent in the strength of oil from 
1.00 to 0.50 RAD. This is not a major 
reduction considering that the corre- 
sponding altitude is from sea level to 
practically 20,000 feet. Solid insulation 


- impregnated in oil is probably affected 


even less. For this reason, station and 
line apparatus immersed in insulating 
liquid can be considered as little affected 
by altitude. At the very high altitudes 
the strength of solid and liquid insulation 
may have to be examined, particularly, 
if for any reason the low air density utente 
the condition of the insulation. 


POSITIVE WAVE | 


140/13 X 40 MIGROSECOND = 
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1,00, 


40 60 80 
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Figure 13. Effect of humidity on critical-im- 
pulse sparkover of six-inch rod gap 
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pentoxide desiccator. 


_ are plotted in Figure 13. 
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Front-of-Wave Impulse Tests | 


Direct strokes of lightning are an 
important consideration in the co-ordina- 
tion and protection of apparatus.” 
Front-of-wave impulse data at low air 
densities are desirable, since lightning is 
present at high altitudes.* Accordingly, — 
tests were made on 6- and 12-inch rod 
gaps, and the data are given in Figure 12 
F of | 


in the form of correction factors. 
Figure 15 is a typical oscillogram. 


From normal to 0.50 RAD the cor- 
tection on an average basis is 0.5 per 


cent per 0.01 RAD; that is, at 0.75 RAD 
the correction factor is 0.87. 
0.90 to 1.10 RAD the correction is less, 
0.35 per cent per 0.01 RAD. Within 


_ this limited RAD range a similar correc- 


tion for short impulses has previously 
been reported. #5 For practical purposes 


_ the curves in Figure 12 can be considered 


applicable to high-voltage apparatus 
which have essentially a rod-gap type of 
characteristic. | 


Humidity and Other Effects . 
Comparative tests were made on the 


six-inch rod gap to determine the effect 
of humidity at low air densities. First, 


_ the tests were made in dry air, supplied 


from a calcium-chloride—-phosphorous- 


repeated in a humid atmosphere pro- 
duced by a pan of water in combination 


with cloth wicks introduced into the test 
All tests were with a 1!/ox40-— 


cylinder. 
microsecond positive wave. The results 

The same vapor: pressure maintains 
for normal and low air pressures.2> We 
estimate the humidified air attained 


0.80-inch mercury vapor pressure or 


aK, 


* IS-KV STANDARD re beche AND 
BUS INSULATOR 

® ISKV APPARATUS INSULATOR 

+ IS-KV AND 8.66-KV AIR 
INSULATED TRANS- 

‘FORMER MODELS 


0.9 


0.7 
RELATIVE AIR DENSITY 


0.6 0.8 


Figure 14. Effect of air density on critical 


60-cycle flashover 


Atmospheric conditions 
Temperature, 29 degrees centigrade 
Barometer, 735 millimeters 
Humidity, 18.3 millimeters 
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Within =; 


The tests were 


t ~, 
A 


better. From the two curves we note a 
constant difference of eight kilovolts 
throughout. It appears that physically 
the humidity has a fixed effect. Thus on 
a per cent basis the increase in strength 
from dry air to 0.80-inch vapor pressure 
is nearly twice as great at 0.50 RAD as at 
1.00 RAD. On the strength of these data 


the humidity corrections determined at | 


sea-level conditions cannot be applied at 
high altitudes but require a a scaling up in 
an inverse relation to the RAD. Addi- 
tional tests are desirable to establish these 
relations fully. ; 


CUnit Suspension Ins. 


RAD 2.804 


12° Red Cap 
RAD 0.484% 
796 KV / pes 

Rate of Rise 


voltages 

However, humidity drops with altitude 
so that actual conditions mitigate against 
a large over-all correction. On the other 
hand, the drop in temperature with alti- 
tude improves the strength, but again 
the effect is secondary (Table- II). Aside 
from rain, snow, and so forth, there may 
be other factors; for instance, little ap- 
parently is. known of the effect of cosmic 
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Figure 15. Typical oscillograms of impulse 


|} aloe es Cs 


rays, ‘ultraviolet. rays, , and 
ing agents upon the strength 
apparatus. At the- 
particular these effects ne r 
amination. 


60-Cycle ‘Data and Corona P 4 


As stated before, 60-cycle stu 
low air densities date from the beg 
of high-voltage transmission. tl 
investigation tests were made 
apparatus typical of indoor 
results are given in Figure 1: 


69Kv Bushing 
| RAD 20740 
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women 922 Kv 


ae 


Fir Cressarm.— 
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to 0.50 likewise follow this curve. 
all data at hand the 60-cycle stre 


directly proportional to the RAD, 
applying or testing apparatus at high al 
tudes it’ seems fundamental that th 
voltage ratings should conform. te 
relationship, Where the insulation 
gins are inherently large and ther 
no other limitations, 98 is Be case 
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_ oo) sieht iar rey Ses 
“ of the low-voltage equipment, no 
rating appears necessary other than 
ssibly at the very high altitudes. 

We had planned to investigate corona 
low air densities, particularly its effect _ 
1 insulation and radio noise, but other 
tivities have deferred these tests. For 
stance, there is the possibility that ap- 
watus may operate at high altitude with 
ore apparent corona than would be per- 


issible at sea level. The dry atmosphere. 


high altitude may also contribute bene- 
ially to longer insulation life. The 
iestion of corona losses on lines is of 
articular interest to transmission engi- 
sers, and this also may requite further 
amining in the light of the actual con- 
tions prevailing at the high altitudes. 
hese are some of the corona effects on 
hich more study and testing nay be 
ell worth gay 


‘The air strength of electrical apparatus 
) long waves (11/:x40 microseconds) is 


sentially proportional to the RAD. 


he impulse strength of apparatus ap- 


lied at high altitudes and exposed to 


ghtning should be rated accordingly. 
‘The RAD corrections for front-of-wave 
apulses (1,000 kv/microsecond) are one 
alt and less than one half of those for 
mg waves. 
‘Sixty-cycle strength and corona are 
9 affected in direct relation to the 
D. Voltage ratings cates should 
CO nize this. 
‘The oil strength of apparatus is practi- 
lly unaffected by altitude. 
ta on the effect of humidity are 
ited. Other influencing factors 
- may be present at high altitude are 
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discussed. Corona effects may need more 


attention. . 
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* Figure 1: 


: A 500, 000- Ke 7. 5-Kv Air Greuite 


Breaker for Steel Mill Service 


~ R. C. DICKINSON 


MEMBER AIEE 


Synopsis: A self-contained air circuit 
breaker for a rating of 500,000 kva at 7.5 kv 
has long been regarded as a desirable goal. 
Recent developments in magnetic-type air 
circuit breakers have indicated the economic 
feasibility of similar designs for ratings 
higher than previously attained. The de- 
velopment of a 500,000-kva 7,500-volt mag- 
netic air circuit breaker is described. A de- 


‘scription of the breaker and the peculiar — 


design problems are presented. Test data 
with oscillograms are shown, 


ITH the advent of the first 15-kv 
power air circuit breakers for central 
station service in 1929,1? it was soon 


7.5-ky 250,000-kva deion air cir- 
cuit breaker for metal-clad switching equip- 
ment as widely applied in steel-mill service 


recognized that an air circuit breaker 
was much more desirable for highly re- 
petitive steel-mill motor switching than 
was the conventional equipment uni- 
versally used at that time. Inter- 
rupting tests showed that the air circuit 
breaker could withstand many operations 
on considerable power without requiring 
maintenance, as compared to the high 


Paper 44-56, recommended by the AIEE committee 
on protective devices for presentation at the AIEE 
winter technical meeting, New York, N. Y., Janu- 
ary 24-28,1944. Manuscript submitted November 
24, 1943; made available for printing December 
18, 1943. 


R. C. Diexrnson is section engineer in the air- 
circuit-breaker section at Westinghouse Electric 
and Manufacturing Company, East Pittsburgh, Pa. 
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maintenance necessary on oil switching 
equipment of that period. This was 
somewhat to be expected in view of the 
fact that low-voltage air circuit breakers 
and contactors had demionstrated this 
ability for years. It was also believed 
that the air circuit breaker was highly 
desirable for steel-mill-substation service 
because of the additional severity of 


steel-mill operating conditions, as com- 


Figure 2. Five-kilovolt 150 ,000-kva mag- 
netic deion air circuit breaker 


pared to the duty on corresponding equip- : 


ment in central-station service. 
Realizing these facts, a 250, 000-kva 
7.5-kv deion air circuit breaker of the 
metal-plate type was made available in 
1932, designed to meet the rigorous de- 
mands of steel-mill switching service, for 
either substation or motor switching duty. 
Illustrated in Figure 1, this breaker has 
been widely and successfully applied in 
some of the largest steel mills in the in- 
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. 


operations per year. 

The success of these break rs 
the companion designs for 2.5-, 
15-kv ratings has been largely 
sible for a general trend towar 
cuit breakers in this range. 
problem of interrupting 
at higher kilovolt-ampere ratin 
closed economic limitations in 
plate deion principle indicating limi 
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Through considerable — 
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Figure 3. Fives kilovolt 950,000-kva_ 
netic deion ¢ air circuit t breaker 
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cilovolt breakers of 150,000-kva and 
250,000-kva interrupting ratings were 
leveloped® as illustrated in Figures 2 
and 3. The short-circuit current which 
must be interrupted by the 250,000-kva 
five-kilovolt breaker is 35,000 amperes 
at the commonly encountered distribu- 
‘ion voltage of 4,150. Figure 4 is an 
sscillogram showing the interrupting by 
this breaker of 40,000 amperes at 4,020 
volts restored, on a single pole, which 
shows considerable margin for a three- 
phase rating of 250,000 kva in the five- 
kilovolt class. . This development con- 
tributed greatly to the technique of 
interrupting high ,currents at higher 
voltages than previously deemed feasible 
for a self-contained air circuit breaker. 
However, a 500,000-kva breaker for 
7.5 kv still remained to complete the 


|’ pestoRED ame 


\ VOLTAGE 


te 4. Oscillogram showing interruption 
f 40,000 amperes at 4,020 volts restored on 
single pole of a five-kilovolt 250,000-kva 
24 magnetic deion air circuit breaker 


irvatent three-phase __kilovolt-amperes— 
3 330,000 . ve 


ine of self-contained -air circuit breakers. 
The breaker herein described completes 
the need previously indicated. 

_ The general requirements which should 
be set by a breaker of this rating are: 

|. Interrupting capacity of 44,000 amperes 
at 6,600 volts, three phase. 


Ra Full interrupting rating at 25 cycles as 
well as 60 cycles which is often required. 


> General ruggedness and freedom from 
“xCessive maintenance requirements, 
a 
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j 2 {=~ ' 
4. Insulation level adequate for the new 
insulation , standards of 95-ky impulse 
strength and 36-kv one-minute 60-cycle test. 


5. Readily suited to use in the compacted @ 


space of metal-clad switching equipment. 


The problem of interrupting heavy- 
current arcs in a restricted space in air is 
more difficult at the higher currents and 
especially at the higher voltages. Twenty 
thousand amperes does not now present 


a very serious problem, but, 40,000 am- 
peres presents much more than double 


the 20,000-ampere job. The interrupt- 
ing of 44,000 amperes at 7.5 kv presents 
problems in are control and space de- 


Hl 


i 
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Figure 5. Schematic illustration of construc- 
tion of 500,000-kva 7.5-kv magnetic deion 
__ air breaker 


ionization far beyond those dealing with 


more moderate currents. 

The initial drawing of the arc on the 
are tips, even with the best materials 
available, gives rise to large quantities of 
ionized gas which must be disposed of if 
the space between the contacts and other 
live parts in the arc chamber is to with- 


stand the restored voltage of the circuit. . 


From its inception the arc space must be 
conditioned progressively to withstand 
the increasing voltages imposed by the 


action of the interrupter on the are. If. 


the arc in moving from the contacts into 
the interrupter is envisioned in slow 
motion—keeping in mind the intense 
heat and ionization—it can be seen that 
at each point, the space which the arc 
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- plates separated from each other. 
planes of the plates are perpendicular to 


Figure 6. Three-pole 500,000-kva 7.5-kyv 
magnetic deion air breaker showing one are 
chute in position - 


has just vacated must be sufficiently 
deionized to withstand the voltage of the 
are in the succeeding position. Other- 
wise, the arc will restrike to the earlier 
position, from which it must again be 
moved. Although it is difficult to avoid 
this restriking with perfection, excessive 
restriking causes proportionally greater 
ionization which must be disposed of for ~ 
successful interruption of the circuit. 
Finally, the entire space between the live 
parts of the are chamber, both internal 
and external, must withstand the re- 
stored voltage applied by the ae cir- . - 
cuit. « 
The interrupting element or are chute 
of this breaker is arranged so that the 
are is moved by a magnetic field into V- 
shaped slots in a multiplicity of refractory 
The 


the are stream. The are chute is shown | 
schematically in Figure 5. The lower 
part encloses the initial arc-drawing 
space and the space for extending the 
arc length for movement into the series of 
refractory deionizing plates. 

A curved are horn is located at 
each end of this lower part of the 
are chute to provide rapidly separat- 
ing are terminal paths. Each are horn is 
on the immediate upper periphery of a 
circular blowout coil. The coil above 


the stationary arcing contact is cut into 


series relationship with the are as the are 
impinges on the arc horn immediately 
above that coil. This adds sufficient 
magnetic field to that existing from the 
loop shape of the current path through the 
breaker to move the terminal of the are 
on the movable arc tip rapidly onto the 
arc horn at the other end of the are 
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Figure 7. Dimensioned drawing showing 
500,000-kva 7.5-kv magnetic deion air 
breaker in metal-clad switching equipment 


Type 75-DH-500 drawout unit 40 inches wide 


chute and the corresponding blowout 
coil is introduced into the circuit. The 
magnetic field provided by the two 
blowout coils is applied to the arc space 
by suitably shaped pole faces, to move the 
are as uniformly and as rapidly as pos- 
sible consistent with the deionization of 
all of the space behind it. The deioniza- 
tion of this space between the contacts 
and arc horns is accomplished -by venting 
the gases from the are and cooling them 
to such an extent that breakdown will 
not occur. To this end the arc horns are 
vented freely,,and the refractory plates 
above the arc horns are arranged in four 
groups spaced apart to provide five rela- 
tively wide vents evenly spaced. 

The refractory plates are separated 
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Figure 8. Oscillogram showing the inter- 

ruption of 47,500 amperes at 5,900 volts at 

60 cycles on a single pole of the 500,000-kva 
7.5-ky magneti¢e deion air breaker 
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as much as possible for venting effect 
without sacrificing the deionization effect 
on the exhaust gases traveling from the 
ends of the V-shape slots to the ends of 
the plates. Lateral barriers are also 
placed at the end stack vent as an addi- 
tional precaution against flashing over 
the entire end of the arc chamber. 

In Figure 5, the arcing contacts are ex- 
ternally similar to those previously ap- 
plied to magnetic deion breakers for 
100,000, 150,000, and 250,000 kva*~* 
but are equipped with heavier springs to 
prevent blowing open on the high cur- 
rents involved, The arc tips and second- 
ary contacts are made of silver tungsten. 
The main contacts are of the solid copper 
bridge type, faced with silver inlay and 
held in contact by strong compression 
springs. This construction provides for 
transferring the current, from the main 
contacts to the arcing contacts, and the 
shape of the arcing contact parts acceler- 
ates the movement of the arc from the arc 
tips. 

The three movable contact arms are 
operated by insulating push rods from a 
shaft running lengthwise across the front 
of the breaker. This shaft is operated 
through a toggle by a horizontally acting 
solenoid mechanism not shown. The 
shaft also has two arms coacting with 
bumpers to absorb the shock of opening. 

Figure 6 shows the three-pole breaker 
with two are chutes removed.to show the 
contacts. A dimensional drawing of 
this breaker as part of a complete metal- 
clad switching equipment is shown ‘in 
Figure 7. 

Extensive high-power interrupting tests 
were made in the development of the 
breaker. Figure 8 shows an oscillogram 
of an opening test on the completed 
breaker of 47,500 amperes at 5,900 volts, 
60 cycles on a single pole. Figure 9 
shows a close-open test of 45,700 am- 


Table |. Single-Phase Interrupting Tests 
7,500-Volt 500,000-Kva Steel-Mill Cire: 


Breaker 
Gen- Rms Inter- 
Test erator Amperes Arcing ruptin; 
Num-  Volt- Inter- Time Time 
ber age rupted (Cycles) (Cycle; 
Opening Tests 60 Cycles 
1... 8)500:.2 LL; 000) cont a ee 295 
2 2B 900s BOO aeneee 1,20:.20.. cee 2.60 
3 5,950:. 3.21 40008, 28... 00 cae 2.40 
4. .056;900..°..384,800)-3, 7 1.00. oes 2.40 
5. ia ¥, 000% S400" oe 1.00. eee 2°50 
6 6,900. .. 30/500) ee. (0) 80°22 ae 2.30 
73 «8,900; ... 295200; 72... «090 reenee 2.30 
8 5,900:.....21, 0005505, .-0 50.0 2.20 
9. .....8,900'.5 46,550, 752. /0- 805. eee 2,20 
TOs <2, 900 STATE ZOOP oes 1. lOve eee 2.60. 
D.....59900.... 247, 250)..5 2 OL 6), eee 2.30. 
12’, ... 95,900. + 4950. %... 5 ll 2ia eee 2:60 
Opening Tests 25 Cycles 
13... 1: 5}8500% s 6, 22555 one Oa eee 1.00 | 
14.4. <0\800 . ts SOO Larrea 0.45... rea 0.90 | 
15..7+.3,500.. - 20} 250)sn e420 eee 0.95 | 
16,0.5.6;100% 320: 200) pease 0.407 3 eB 1.20} 
17... ..\6,100 2 543,700. cee 0.50.2 ee 1.90 | 
18.,.”6,£50,, "42,8002. 0:40 0.90 | 
Close-Open Tests 25 Cycles 
19). 2665100) 2 ec) Be ae oe 1 20. eee 1 .%@ | 
20% -9.26,100". -42'S00 eke eas 0.40.) Soe 0.90 | 
21 Js 3283100. >. 45,700.57 -05 O. GQ230 vee 1.20 | 


peres at 6,100 volts, 25 cycles on a singk 
pole. Pi, 
Table I shows three series of tests 0: 
a single pole of the breaker, all of whie: 
were made without maintenance. Of thi 
21 tests, 8 are at more than 40,000 am 
peres and 16 are at more than 20,00! 
amperes. This performance is equiva 
lent to years of actual service. Proof 
satisfactory performance over the entiri 
range of lower currents was obtained bi 
subjecting the breaker; without ans 
form of maintenance, to a series of afi 
proximately 100 interrupting tests. 


_ Conclusion 


The principle of magnetic diffusion ha: 
been applied to a complete line of cireuy 
breakers with interrupting capacitid 
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Figure 9. Oscillo- 
gram similar to Fig- 
ure 9 exceptshowing 
a single-phase close— 
open interruption of 
45,700 amperes with 
a generator voltage 
of 6,100 and at 25 
cycles 
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The Asymmetrical Stator as a Means of 


_ Starting Single-Phase Induction Motors 


JOHN L. BAUM 


NONMEMBER AIEE 


HE shaded-pole motor is quite simple 
to construct; but for all but the small- 


est sizes, losses are large; and if distrib- 


tited windings are used, its construction 
becomes more complicated. A single- 
phase induction motor may be given 


starting torque by varying the rotor con- 


ing torque is comparable with that of a. 


stants over the pole face, either by asym- 
metrical iron structure or winding. Start- 


_shaded-pole motor, and construction is 
very simple with nothing to get out of 


order. 


be the smaller power factor which is due 


to reduced mutual inductance. 
c y 


Means of Securing an Asymmetrical | 


> 
#! 


. 


ai. 


$ 


Stator 


‘Starting tcrque arises from two sources: 


The difference in leakage inductance of 
the rotor bars on one side of the pole from 


_ that on the other causes a different current 


is me. The difference in mutual reactance on — 


to flow on each side, producing a resultant 
eraue, asina repulsion motor. 


_ the two sides of the poles gives the rotor cur- 
rent under the two sides some difference in 
phase, which also produces a resultant 


Beraue. 
Orie means of securing sfidse a aicteaes 


4s to wind more turns about one side of the 


- 
’ 
‘ 
J 
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The chief drawback appears to- 


‘Figure 1. 


pole face, which we will designate as a, 
than about the other side, designated b, 
thus causing a difference in the perme- 
ability of both the rotor and stator iron. 
If the iron at b has the maximum perme- 


Relative position of fluxes and 
currents 


ability, the flux density at a will be above 


that of maximum permeability; the 
rotor bars under 0 will have greater in- 
ductance than those under a, and since 
the current through these encircles a, the 
component of rotor leakage reactance X», 
will be greater than X»2,. For a lower 
veltage and flux density, the opposite 
will be the case; hence, we have the in- 
teresting possibility of the starting direc- 
tion being reversed by a change in start- 
ing voltage. In order to utilize this effect 
fully, the rotor bars should be surrounded. 


ai An eh nae 


J 


ranging Prats 50,000 kva® at 2,500 volts to 
“the 500,000-kva 7.5-kv breaker de- 
scribed in this paper. 
~ show that this most recent breaker is 
well suited to the operating conditions of | 
f “steel mill and equivalent service and that 
it has ample short-circuit interrupting 


capacity for use in large power concen- 
trations at 6,600 or 6,900 volts. 
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effect. should be small. 


AIEE — 


completely by iron. It is quite difficult 


to calculate the rotor reactance of this 


type of motor; thus, it is hard to design 


efficiently. 

The case of varying the air gap over the 
pole face is easier to calculate. These 
formulas are derived in the appendix. 


While the greatest difference in both rotor _ 
inductance and mutual reactance occurs — 


when the air gap has its maximum value 
over half the pole face, changing abruptly 
to a minimum, harmonic reactances of 


the rotor are least when the so-called — 


zigzag reactance, that is, leakage react- 
ance of the rotor bars due to flux crossing 


the air gap, varies sinusoidally over each — 


pole. If it is assumed that this reactance 


gap, this requires that 
1/A=0A +24 cos 2rx/d 


where 


A=air gap (all dimensions in this paper are 
given in inches) 
ee (4/2)(1/ Amin+1/ Ames) 
2A = (?/2)(1/ Amin = 1/ Amax) 


is to be inversely proportional to the air: | 


qd) 


x=co-ordinate measured along rotor pe- — 


riphery 
X\=pole pitch 


\ 


"1 


It might seem desirable to create a M 


_ sinusoidal flux wave by increasing the — 
turns about each stator tooth in propor- : ’ 


tion to the increase in air gap under that 


tooth, This introduces harmonics into 
the magnetomotive-force wave which — 


gives a greater harmonic content to the 


mutual reactance than an ordinary sinu- " 
soidally distributed winding would give. : 


Difference in flux density over a and b 
may cause difference in rotor permeability, 


which may increase or decrease the re- 
sultant torque; but unless the rotor bars — 
are surrounded completely by iron, this 


flux density over a and 6 also may pro- 
duce a difference in hysteretic angle of — 


Difference in 


advance between flux a and 3d, producing — r 


a rotating field; but this effect is also’ i 


quite small under. ordinary conditions. 


Computation of Rotor Currents and 
Torque 


P. H. Trickey! has given an analysis of 
the shaded-pole motor which forms the 
basis of this development. The space 
distribution waves of field flux and rotor 


Each harmonic is divided into two com-_ 


ponents or phases 90 degrees apart, de- 
noted by subscripts a and 6. In Appen- 
dix II the values of these components are 
calculated. Figure 1 shows the relative 
position of the fields and currents for the 
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current are resolved into Fourier series. 


of. 


- 


L 


A 


~ fundamental flux wave; Figure 2 shows’ ; 


the equivalent circuit diagram. If we 
add voltages about the shunt circuits a 
and 6 associated with the nth harmonic, 
we get 


(nRea ai ee gaa 20a dal: 2a)j ndat 
* nS(L ploy) nXy — 0S nl2y nX2p: (2) 


. (nRooti aX al 2p =(I—nloy)j nX0— 
nS —nlea)nXag+nS nl2a nX2a (3) 


where 


nRoq=rotor resistance to mth space har- 
monic of current, phase a , 


(All impedances mentioned in body of 
paper are referred to primary.) 


nX%=rotor leakage reactance, uth har- 
monic, phase a 

‘ndqg=mutual reactance, 
phase a 

nla =rotor current, nth harmonic, phase a 


(Similar quantities of pert b have sub- 
script 0.) 


n=order of harmonic 
S=ratio of rotor speed to Senceebiious 
speed, positive in direction of increas- 
ingx 
Ordinarily the fundamental flux, n=1, 
is all that need be considered; but with 


- a salient pole the third harmonic is apt to 


affect the torque appreciably. The 
- equivalent resistance, R,, due to iron loss, 


_ should be included as shown, but its com- 


putation is outside the province of this 
paper, its chief effect being to increase the 
inphase component of current. 

If equations 2 and 3 are solved simul- 
taneously for ,Jog and ,Jo, 


\ plog=nKal nly =nKol (4) : 
- nKa=nFa/nl nKy =nFy/nF (5) 
nFg=nS nRoy nXp—(1—13S*)nX op nX at 
if nRop nXq (6) 


he) steed peiteg eee LB Joh oa not 


J nRea nXy (7) 
3 jf nF =nRoq nRoy —(1 —1*S),X oa nX oo 
TnRea nX oo tnRap nX oa) (8) 
where | 


‘ 


nXoa=nratnX2u and so forth, 


In the primary circuit 


 WRi+gX) + ea) j Xat+ TU — lnke+ 


(I —sleq)j sXq+(I — sloy)j sXp=E 
where 


R, =primary resistance 
X,=total primary leakage reactance, ex- 
cluding 3X, and 3X, 
E=voltage 
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nth harmonic, 


‘tical field induc- 


pb a a ’ 


in from equation 4 


TR tj(Xi+-X1) Kaj Xa- 


Koj 1Xp—3Kaj gXq—3Kky J Bole E (9) 


where 


. X,=total mutual reactance 


X,'=primary leakage reactance, excluding 
harmonic and skew reactance 


_ Torque in ounce inches for the nth 
_ harmonic is given by the real part of 


n™ =11.3(nP/f) ((nto/nta)nXa(I —nlea) X 
conj nl» Fi Ai hy eG o(Z my nto) x 
conj leg] 


(10) 


' where - 


P=number of poles 
f=frequency 
nfg=turns per pole effective for nth har- 
monic, phase a 


Let us put this formula into a form 
more suitable a ee ML cc Now 


one frees in the form : 


ian U+j nu nKo=nV4tF nv 


1 


Figure 2.. Equiva- 
lent circuit dia- 
gram of asymmet- 


tion motor 


If we substitute these expressions in 


equation 4, we find that the real part of 


(I=nleq) conj nl =I*(1—nU—j nt) 


Vj 0) =24gV (aU nV tnt 22)] 


(= nlop) conj nl =2(1—_,V —j iD) >a 
An Uj pt) =? [npU—(nU nV+nt n)] 


so that 


= Mig 3(nPI?/f) (ats/ataln Xa nV — 
(n Un V+ntr?) | —(nta/nto)nXo nU— 
aU pe oy 1] pcs, 


Standstill Conditions 


When S=0, the system of dquations e 
to 8 reduces to 


ae =j ee en Pe nXoa) 


= (nKra nq) (nX oa +7 nReq) 3 (12) 


where 


nia =(nXa/nX oa)?/ [1+ (saclay) ats 


with a similar formula for b. 
When tg=ty and T= Ry = = R,/2/ (Ro be- 
ing the complete fundamental rotor resist- 
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If the values of Jog and so forth are put | 


IX2a IR2a- 


’ D,= =diameter of end ising. ; 


ance as calc 
is often the case 
for 4= 1" BS 


STOUR Keel 
[GX 2p —1X2q) Re? 
} i 5 


showing that the to 
1 Xy—1X0q and .X—— 
put 1Roq = Ro’ ita? a 
forth, it becomes evidet 
values in equation 1 
starting torque is i 
difference in f, and f, exe 
fect the permeability. e 4 a 


Motor Constants With Si 
Permeance iNet § 


With an Y rciineiiee sym: 
ing, ta=t=tp/+/2 am 
where ft, is the effective 
~ culated in the usual 1 manne: , 

wee the air ap. of 


1x20 IR2b 


cence as we are eo gi 
the fundamental a and. 


Ss =number a rotor slots — 
S_=cross section of rotor bar 
Sk=skew in inches on Bix 
S;=cross section of end ring — 
W =axial width of rotor 


p= =resistivity 


ee =Xy +X vao-+( . 


K, =rotor slot obbtaign 
For X,, use ty ey 


Xza max =2nf(Pta)?10-* 


Bee endix'l, 


2X ob) ( kee 


For Xj4 min USC Amax, for X4p min USe fy and 
‘Amex, and so forth. The preceding for- 
mula applies only when there are no stator 
slots to break the magnetic circuit, and 
when the rotor bars are not completely 
surrounded by iron 


Mate =(1 = Crk! 
X sxp=(1— Cox) Xp’ 


Cyx=sin (wSk/2d) /(Sk/2d) 


(19) 
(20) 
Since sin x=x—x?/6 for small values of oe 
1—Cy, =(1/6)(4Sk/2d)? (21) 


approximately for small values of Sk/X. 
Thus. 


Xoy— X2q = Xs max “ig a) = 
- (Xq—Xp)(1—Cyx) | (22) 
If equation 22 is substituted in equa- 
tion 13, the term in brackets becomes 
{R2?—X oq Xop)(Xz max — z min) /2— 


(Xq—Xp) [(Re?—Xoq Xov)(1— Cox) +22] 
(23) 


‘Thus the effect of zigzag reactance is op- 


‘posed to that of skew. When R; is small, 
4t may be desirable to reduce X,, and 


Xw as much as possible, depending on | 
Xsia 


creasing the skew an integral number of 


—Xs, for starting torque by in- 
slots. When 2R, is greater than (R.?— 
Cx), it may be desirable to 
reduce the skew as much as possible. 
Since, in all practical cases, R,? is less than 
XoaX, torque from zigzag reactance in 


this case is in the same direction as that 


-due Xqg—X>,. The increase of Ro increases 
the torque per ampere (until it approaches 
the magnitude of X,,), though it reduces 


the current; however, increase of R, in- 


creases the slip and losses and decreases 


‘the power factor, as in any induction 
motor. 


' Since X,—X, and Xy—Xq 
usually must be increased by reducing 


_X>, the starting torque is limited by the 
decrease in power factor and increase in 
rotor losses permissible. 


Equivalent Imped- 
ance of Squirrel-Cage Rotor 


Let there be an infinite number of rotor 


bars having the same impedance for an 


‘inch of periphery as the actual rotor, Fig- 
ure 3 represents an elementary circuit about 
therotor. ABand DC aretheendrings, AD 


“being the bar where the ring current J,= 


+ 


Then at x 


= Si Jax 


“where J=current density in bars per inch 


-of periphery. 
The voltage drop E, in each ring from 
x” to dis 


en far 2 ff ac fv 
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aie J 


ut 
= , 


where R,=resistance per inch of end ring. 
Let the voltage induced at x be E(x) 


‘and that, at a fixed point, d be H(d). Then 


the voltage about the whole circuit is 


count as fs xJdx = 


E(x)—E(d) (24) 
where 


=Z,\P/S,=impedance of one inch of 
bars at x 


Zz=actual impedance of one bar (25) 


If we differentiate twice, and remember that 
E(d) is constant 


(d?/dx*)(JZ,)+2R,J =@E/dx? (26) 


' We may represent J, E, and Z; in a 
Fourier series in which 

0=7x/d 

J=1Jq sin 0+3Jg sin 30+... + 


1Jp cos 0-+3Jy cos 80+... (27) 
E=,E, sin 6+:Eg sin 30+... + 
(28) - 


14» cos 0+; cos 386+ .. 


xed 


Figure 3. Rotor circuit diagram 
/ 
Zi1=0C+2C sin 20-+4C sin 46+ ...-+ 


oD+2D cos 20 7) (29) 


‘Z; has a period of 26 because it repeats at 


every pole. In order to solve the differential 
equation 26, it is necessary only to substitute 
in it equations 27, 28, and 29. Now, if we 
put equations 27 and 29 in more concise 
form 


JIZ,= (Lele sin P+ Lied cos ) x 
(DoC sin p+ LD cos ) (30) 
D 


If we use product formulas of the type 


—(1/2) cos (m+n)0+ 
(1/2) cos (m—n)0 


sin mé sin n0 = 

we find, by expanding equation 30 

Jéy=(1/2) 7 daipl eJal—cos (p+q)6+ 

cos (p—)o1+(1/2) LLpCe [sin (p+q)0+ 
sin (p— 901+ (1/2) 2 dapDeJaX 


[sin (p-+g)0— sin (p—g)0]+ 
(1/2) LipDelr [cos (p-+¢)0+ 


cos (p—g)@] (31) 


where the summation extends over all the 
positive values of p and g for which D and 
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c exist. Pick out the coefficient of sin 10 
in pC, Jy sin (p+9)0, where n=p+q; it is 


dined a 


Likewise, in the term ,C,Jp sin (p— 9), 
the coefficient of sin 10, where n=p—g, is 


dina ao- Ya-nC ao 


for when g>?, n is negative, and the terms 
are of the form 


q—|n|C gJp sin (—|n|@) = —q—|n|C gJp sin |n|a . 


where |n|=q—p. If we pick out the other 
coefficients in the same way 


Z,J =(1/2) Ying sin 08+ 
nN 


(1/2) on My cos n@ (32) 


where 
nMg= Lina Jo— Lan alot 
Lantal dot Dina wat dua-nD wa- 
Saved oa (33) 
My= — Lina Jat Xuq-n€ Jat 
LanteC Jot Lin-eD Jot 


Daa-nD Jot LinteD ra (34) 


As before, the summation extends over all 
positive values of g for which the factors ‘G.. 
and D exist. 

We are ready now to substitute the 
value of JZ,, that is, equation 82, in bi 


tion 26 


— Do (n?x?/202)n Mg sin nex/A— 
ty (n?12/22)n My cos nrx/— 
QR) ond, asin nrx/h— 
QR ond 3 cos nrx/d 
= —(n2/»2)[Don? pa sin nex /\— 
Yon? ny cos nxx/>| (35) 


We may separate equation 35 in a different 
equation for eaclt harmonic 


[( f/2)aMatan te nJq/n*x? sin (nxx/nr) ] 
=,E, sin (nwx/r) (36) 


[(1/2)n Mp +2XR; nJp/n?x* cos (nrx/dr)] 
=nEy cos (nrx/r) (37) 


Let us now confine our attention to the 
case in which all orders of Care zero. Then 
each value of ,M/, is made up of terms in- 
cluding ,,J,, and we get the system of equa- 


_tions in J, of the form 


y (uZq’ J a+13Za" satu sJat . 5) oe 
sin 7x/\ Eg sin rx/d 
(8129 1Jats3Zq! sJat+sZia Jat ...)X 


sin 3rx/X\=3Eq sin 8xx/d (38) 


(Dona @ mJq) sin (nwx/d) =nEaX 
sin (mwx/d) 
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Me 


“If we multiply by Jo sin (nwx/d) dx, the 


element of current at x, gives d,W, the 
element of rotor losses++j.reactive power for 
the nth harmonic. Integrating over the 
whole rotor 


pf dinmZ' a mJq Sin? (nwx/d)dx=,W nJq 
(39) 


(Pr/2) TESS a ma=nW 
3 m 


Now the total current that encircles x of 


the mth harmonic is 


i 


mJa J sin (max/d)dx 


Since this flows through one turn, it is also 
_ the magnetomotive force of the secondary 


MM F.=(XpJq/am) cos (mrx/d) (40) 


‘The magnetomotive force of the primary is 


(A/t) mta mlzq COS (mrx/d). Equating pri- 


mary and secondary magnetomotive force , 


Ja . (4m /r)mta mlva y 


_ Substitution in equation 39 gives 


(41) 


ae Res 

a nW=(8P/d)n nta nloq jm mta ml2a nmZ'a 
ae ae (42) 
* Thus nW has the form 
‘ted 
< nZa nloa UrgtnZa nloa slea+ ; 
‘n't nsZa nloq slogt . 


a nmZa RN os M mtanmZ'a 


and if corresponding products of Dea are 
‘equated to those of Sas 


(43) 


a, 
mS where fae D’s that make UD nmZ a are 
he _ given in terms of one inch of rotor meswhesy 
Since, in equation 25 
oe, ; 
21=Z_P/Ss aia 
“ : ‘ 

My ; 
: nmZ'a=nmZ'adP/Ss 
le 

~ and 


ty nmZa=(8P*/S4)n nla ™ mba nmZ"a (44) 


i, where nmZ"q is given in terms of impedance 


h per bar. 
a 


<a tained, as usual, by substituting quantities - 
, 


The formula for phase b is ob- 


in b in place of those with subscript a. Thus, 
_ - we have the system of equations giving the 


jm rotor voltage i in terms of the harmonic cur- 


rents, all referred to the stator 


as Ve) ORLA leg t+iZe ee. . =F, 
~ a ae slog tasZq slog tee =3E, (45) 
The impedances of form ymZ can Re 


neglected usually, in which case equation 


45 becomes the equations we used in the . 


- body of the paper, equations 2 and 3. 

As the simplest example, let Z,=)D+,D 
cos 27x/\ which is the impedance given 
by the air gap represented in equation 1. 
If we expand ,M/, from equation 33 and 
nM, from equation 34 


4 1 Mz =(20D —2D)iJat2D aJq 
3Mq=2D 1Jat2 D sJat2D sJq 


SAY Dig hit OD sda+sD oJ, 
My =(2 D+2D)iJotD Jn + 


id 


~My =2D Jp t+2 wD sJo+2D sJo 
5My=2D Jy +2 oD sJo+2D rJp 
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ductors. 


> , ee ede, waa Se. bah | cA 0 «er er 


ho 


If we put these values in equation 36 fa, : 


(1/2)(2 D—2D+K":Ja+2D Je=iEo 
(1/2) ca Ja+(2 D+K'/9)s Jat Ja= 
Ey 
(1/2) D wJat/(2 D+K"/2B)aletsD wJa= 
5B (46) 


There are simile equations for b, except 


that all signs are positive. _ 

Comparing with equation 38, we see 
that the coefficient of mJ is identical with 
nmZ. If we desire to express the D’s in terms 
of impedance per bar, as in equation 44, we | 
shall have to multiply K’ by S;/P. 


K =(4R,d2/2?)(S,/MP) =4R,AS/0?P 
=4R,D,S,/P' (47) 


where D,=diameter of ring at ends of con- 
From equations 44 and 46 we 
find, putting 


NmGe=(4P2/S,)n ntqg M mla 


uZq=uGq(2 A bi 9 
132q =18Gq 2D Mi { " 
152 =0 
3Zq=21Gq .D 

332g =33Gq(2 oD +K/9) 


(48) 


Figure 4. Diagram illustrating notation of 
stator teeth 

33Zq=asGq 2D : ; > ery 

51Zq=0 


532 = 5s2Gq oD 


052 =05Gq(2 o.D+K/25) (49) 
Inasimilar manner wefind | 
nmGp=(4P2/S;)n nly m mip 4 (50) 
uZp =uGo(2 D+2D+K) oi(51) 


All the other Zy s are obtained from equa- 


-tion 49 by using G, instead of G,. 


Computing Bar Constants 


The resistance per bar is given by 


Rp=pV W+Sk/S, (Sia) 
where 
p=resistivity in ohms per inch cube 
W =length of rotor 
Sk =skew in inches 
S,=section of conductor 
The ring resistance per inch is 


nly =p. nK,/ Sy 


where 


S,=section of ring 
nK,=Trickey’s ring constant? 
=(nP/2)(1— ny) L-+UD/D,)"*) ca 
[1—(ID/D,)?"] 


Baum—A symmetrical Stator 


1. Stor REACTANCE ty 


»D= sismfdidl 19 x 10-0, 2A [4 and sof 


3. SKEW REACTANCE 


7A ska 1S! CO} i added to te Jal 


Total Reactante 


(52) 


three components: 


X,=2nf3.19X10-°WK, 
where | ty | 
K,;=rotor slot constant? My 
2. Z1GZAG RBACTANCE 

X,=2nf8.19X10-8WT}/4 
where athe 


T;=tooth face in inches 


If the stator slots break 
cuit about the rotor bars, X, prob 
be smaller. Let ; cil 


a 
. 


i ska = nikal 1 a Bor : | 
nX sro =nX0(1—n Cx) r 
nCsx = [sin( naSk if 2A) VnaSk/2) 


ay S 
ot (8?) : 
Ot) } 


given in equation 49, and ,, fai: 
added to y,»,Zp in Stations is aa 


if - 


Appendix iL Ai-Gep Reac 


Let a 
fm =turns about stator tooth m a 
p=0.4n2.544,/A=3.194,/A 
A,=effective area per square eee 
face ee aa, 


( bins fea hoo Rat ie 
om = WI fa , tmpdx “ue 
; nt 


=flux through mth tooth 


| 
= voltage induced j in n winding abot 
_ tooth | 


4 wae 


; ; “ * xm 
X1=(P/DEm=2nf 10-*PW itm oe he: 


ml 


= total reactance linking Saeeoe 


If p ee cos Ore fh * 


t 


. ; : ee f +m + 4 
xX, =2nf ow Die fh r ; o x an 


a? 

Ox, t L2efi0" ‘8P rWOint Cie m—1)+ 

-(2pd/2x)(sin 2rXm/A—Sin 2wrxXm—1/d)] (60) 

PS rns ru eee 
(2PA/mr) COS 1(% m+ X%m—1)/AX 


sin w(%m_—%X%m—1)/d] (61) 


Harmonic Reactance 


— nBa=nBa max Cos nrx/ =cosine component 
nth harmonic flux density . 

From the formula for Fourier coefficients, 
we find, : 


nBa ‘max =(4/r)I na= (2/7) xX 


» i, Me cos (m1x/)) d(nx/x) (62) 


m-1 
Let 
P=optoP c cos sia 


ty =(1/2) > fe pb cos (mwx/d)d(arx/d) + 


G /2) > ie 2p cos (2rx/d) cos oe x 


*m- 1 


d(arx/d) 


ee ES ee NTXm /N— 
sin 29Xm_—1/) + [2p/4(n +2] X 
dot {sin (n+2)ax%m/—sin (n+2) X 
© %m—/0)+ [xp/4( —2) 12 tm [sin (n —2) X 
Xm/—sin (n—2) rxXm—1/] 


ac (ob/”) > stm cos [n2(%m-+ 
Xm —1)/2X] sin [na( Xm —Xm—1) /2a] aie 
_ Lep/2(n+2)12itm 008 [(n4+2) a(n +. 
© p-1)/20] sin (+2) Hn) [2A 
[2p /2(n —2) ] tm cos [(n —2) (amt 
oF Xm—1)/2d] sin (n —2) (xm — Xm —1)/2X] 
Likewise ‘% j 


; SPp—7Pp max Sin. Arx/A— sin component, 
| nth harmonic flux density 


Bp ac = (4/m)I gb 


: } 
en >, J Hep sin (nrx/X)d(w/™) 


_ With Abo gaa permeance, we find, as be- - 


fore 


nb= Par (cos nrxm—1/>— 


Hos aieens/N)-L lab /4(n-+2)1 fn feos +2) X 


TXm—1/—COS (2+-2) aX m/X +P 


[2b/4(n —2) ] dotm [cos (n —2) xm —1/¥— 
= ane _ cos (n—2)rXm/d] (65) 


© nb =(ob/n) Dotm sin [m+ 

7 Xm—1)/2d] sin [n(%m—%m—1)/2A]+ 

© b/2(n+2)]tm sin [(m+2)4( m+ 
X%m—1)/2d] sin [(+2)a(xm —Xm-—1)/24)+ 


[2P/2(n —2) ]2o'm sin [(m —2) (xm + 
~1)/2h] sin [(n—-2)1(%m—Xm-1)/20] (66) 


Xm 
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ong mins ‘a =e" eo. o 


(63) » 


' nXq 
(64) 
indo =nX'p nCok 
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Let nd¢am=cosine component of flux 
through mth tooth, mth harmonic. 


P im Im 
n?am = wf a oe dx= wf (4/m)I nox 
Tiny Tmt 


cos (mmx/d)dx 


nXam=(2rfl0—® AE \tmnbam =reactance of mth 
tooth, nth harmonic, phase a 
= 2nfl0~*(4/m?) Wr tm/n) X 


(sin nrxXm/h—sin NTXm—/r) 


Summing up the reactance for all the teeth, 


we have 

X'q=2nf 10-8(8/m?)PW nO nta __ (67) 
where | , 

nX'g=total mutual reactance, nth har- 


monic, phase a. The accent indi- 
cates that skew has not been de- 
ducted. 
tg=(1/2n) otm(sin NX / — SiN NX —1/d) 
= (1/1) itm cos [174(%m+%m-—1)/241X 
sin [12(%m—%Xm—1]/2] 


=nth harmonic of effective turns per 


- pole, phase a (68) 
Likewise it can be shown that 
X'y =2rf 10-8(8/22)PW) nb nto (69) 


nlp = Len) Sot n(cos NTXm—1 /r De ee /X) 
=(1/m) itm sit. [nm m—1)/20)X 


sin [n4(%m—Xm—1)/2A] 
=effective turns per pole, nth harmonic, 
phase b ~ (70) 


Each of these reactances must be cor- 
rected for skew : 


=nX ta isin (nwSk /2d) |= 
(nmSk/2r) - 


=X" a nee 
\ 


(71) 


The amount of reactance that is deducted by 
this means is added to both the primary and 
secondary leakage reactance, as in equation 
57. . 

It is convenient to take as the origin a 
point \/4 from the center of the pole, as in 
Figure 1. ne 


tions for a Representative Motor 


Partial List of Design Data— 
Dimensions in Inches 


D=1,75 
D,=1.65 
W=1.25 
P=4 
A=T1.75/4= 1.375 
S, =0.00815 
S,=0.02445 
Sy=25" 
ty =250 
X= —i/8 
? x1=5d/8 


\ 


Baum—A symmetrical Stator 


Sample Calcula- 


Anita =0.015 


Amax =0.045, 
A,=0.815 
T;=0.179 
K,=1.36 
R,=22 ohms 
X,’=10.0 ohms 
Sk =4)/25=0.22 


A varies as in equation 1; stator iron is 


continuous. 
Primary Reactances | ‘ 
oA =(1/2)(1/0.015+1/0.045) =44.5 ae 


2d =(1/2)(1/0.015—1/0.045)=22.45 (1) * 


of = 44.5 X0.815 X3.19 =115.6 
op = 22.25 X0.815 X3.19 =57.8 if 
X,=377 X10-*X4X1.25 X2502X 
{115.6(5\/8—X/8) X1.3875+ ‘s 
22.5(1.75/4) cos (4 /d)(5A/S+2/8)X 
sin (x/d)(5A/8—h/8)]=140.7 ohms — . 
(61) 


115.6 cos (m/2d)(54/8—2/8) X 
sin (ar/2X)(5X/8-+42/8) X 
(57.8/2X3) cos (31/2d)(5d/8— 


14 = 200) y/8) sin (3x/2d)(5X/8++4/8) — 


=24,150 (64) — 
4 


=250 cos (4/2d)(5A/8—A/8)X ” 


sin (2 /2d)(5A/8-+2/8) = 163.2 la 


|X", =377 X10-(8/r2)4X1.25K1375K 


e 
163.2 X24,150=83.0 ohms (67) ' 
‘ 


1—Cyx=(1/6)(m /2d)%(42/25)2=0.0105 (21) 
Xsan =0.0105X83.0=0.8720hm (19) 
1Xq=83.0—0.872=82.lohms Fe 
“Secondary Impedance 4h ole a 
Rp=V13540.233%0,69210-#/0.00815 
_ =1.076X10-4 (51) he 
R,=0. 692% 10- #/0,02445 =0.2825X10- 
“(52) % 
‘ ; f 
K=4X0.2825X10-'X1.65X25/16 iv, 
=0.926X10-# (47) 
X,=877 X3.19X10-*X 1.25 X1.36 ‘ 
=0.293 X 10-4 (53) 


oD =1.076 X10-4+-j(0.293+377X10-4*K 

3.19 X 1.25 X0.179 X44.5/4)10-* & 
=(1.076-+7 0.502) X 10-4 (55) 

f 


2D =} 377 X10-8X3.19X1.25X0.179K% 
22.25/4=} 0.1495X10-4 (56) — 


1Ga=4 X16 X 163.22/25=6.83 X10 (48) 


1 Zq = 6.83 [(2X 1.076 +0.926) +j(2 0.502 — 
0.1495) ]-0.872 


=21.05+ 6.71 ct i 


Computation of «is other constants is 


' similar. 


Summary of Constants 


1X, =82.1 ohms 3Xq=3.327 ohms 

Xie O71 1X vq = 1.519 

1X 9q = 88.81 3X oq = 4.846 
+Xp=1.073 


1X) =45.72 
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3X m= 1.286 ¢ 
BA UE es 
aR. =2.64 


Xy= 8.37 
1X99 = 54.1 
1R2=21.05 
R, =22 ohms 
Ay’= 10 


. 1X_—1Xp =36.38 


—1Xoq= 1.665" 
2.254 


1X95 
3Xq —3Xp = 


- 3X2p—2X nq = —0.233 


Starting Conditions 


| 1K ra=(82.1/88.8)?/(1+(21.05/88.8)2) 


é 1Kp= 


, 


=0.810 © 
41Kq=(0.810/82.1)(88.8+-721.05) 
=0.875 —70.208. 


Likewise — ; 
0.735+j 0.2855, 3Kqg=0.529+7 0.288, 


(12) 


3Kp =0.2025-+-7 0.2265 _ 


The total impedance is’ 


22 +7 150.7 

—j 82.1 (0.875 +j0.208) =17.1 —j 

—7 45.72(0.735 +7 0.2855) =13.08—j 

—j 3.33(0.529 +7 0.288) = 0.96—j 
—j 1. eG 2025+] 0.2265) = 0.237 

58.2747 48.1 

=68. 5/39°00’ 


33.6 
1.76 


I= 110/68.7/30°00" = 1.60/—39°00’ 
amperes 


Power factor =cos 39°00’ =0.778 


W=110X1.60X0.778= 137 watts, input 
1T =(11.3 X4X0.810 X0.618/60 X82.1 X 
45,72) 1.6? [1.665(21.052—88.8X 

_ 64.1) —2X36.388 X21.05?] 
=0.000256(1.665 X(—4 368) — —2X 
36.38 X442) | 
17 =0.000256( —7,270 —32,200) 
=—10.12 ounce-inches 


The greatest contribution to ,7 in this case 


is seen to be from 1Ro2(1Xq—1X9).- In the 

same manner P nyt 

37 = —1.632 fat T= —11. 7 otunce- 
; inches 


Although the third harmonic does not affect 
the current greatly, it is seen to contribute 


250 TRANSACTIONS 


TASS 


0.22 


(13) 


appreciably to the torque. Using the more 
complete formula of equation 45, T= —10.6 


ounce inches. 


Running Conditions 


Let 
=-085.  1—S*=0.2775 
—0.85X21.05X45.72 =— 818 


—0.2775X54.1X82.1 = —1,234 
17, = —2,025-+7 1,730 


(21.05 X82.1 =f 1,730 (6) 
—(—0.85) X21.05X82.1= 1,470 
—0.2775 X88.8X45.7 =—1,125 

iFy= 345-47 963 

j 21.05 X45.7 =j 963 (7) 
21.05? = AB 
—0.2775 X88.8X54.1 =—1,333 

‘  ,F=— 891+73,010 
7 21.05(88.8 —54.1) =7 3,010 (8) 


K,=(—2,052+ 1,730) /(— Mae. 


=0.714—j 0.470 (5) 
Ky =(345—j 963) /( —891+ 7 3,010) 
=0.262 —j 0.193 (6) 


lf 3K, and 3K» are computed and equa- 
tion 9 is used again — 


Zo =93.1/56°20' mA Ee 
I=1.18/— 56°20’ amperes =0.653 — 

7 0.981 ampere 
Power factor =0.55 


Input =71.4 watt (iron locke to be added) 
1U=0.714 


4u=0.470 
iV =0.262 | 1v= —0.193 
1U,V ~1mv =0.714 X0.262 —0.470X 


0.193 =0.0961 — 


17 =(11.3 X4/60)1.18?[(0.262 —0.0961) x 
~ 82. 1—(0.714—0.0961)45. ae —15.3 


7 
Likewise \ 


31 =2.95 ; 
T=,T+3;T = —12.3 ounce inches 
Output =0.001782 X0.85 X12. 3 =0.0186 
horsepower. 


_ Output =0.0186 X746 =13.9 watts 


Efficiency(disregarding iron losses) = 13. 9X 
71. 4=19.5 per cent 
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i 


” Conductivity of iron =105 


- Ep=110—22X1.18/—56°20" 


_ 0.653 —7 0.981-+0.0770 —7 0.0146 =0.730— 


_ 13.9/79.2=17.9 per cent efficiency 


1. An ANALYsIS OF THE SHADED Potz M 


_ Wayne J. Morrill. AIEE TRANSACTION! 


Iron Losses 


Let 


Hysteresis conticieat; 4=0. 003 


Thickness of laminations=0.03 a - 
Cross section of half of flux path =0. 390 
Volume of iron =10.3 
Maximum flux density = =Bry 
Hysteresis loss per cubic inch =,w 
Eddy-current loss per cubic inch =,w 
7, =8.3 X 10-8 X0.003 X60By, 1 = 
10-*Bnl-6 watts per cu re 
ew =4.18X 107 6X 105 X0. 03? X602B, - ‘ 
= 1.353 X10 10B2 watts per cubic inch | 4 


“ 5 


To obtain the voltage drop due to the flux, 
dedtict the primary JR (current resistam 
drop from the applied voltage 


=98.1/12°44’ 
$¢p =Eo/2rf 10-*t, P =flux per pole 
¢p =98.1/377 X10-* X250 X4 =2.60% 
Bm, =2.60 X 10! X »/2/2 X0.390 =4.71 104 
lines per square inch 
pw = 1.495 X10-*(4.71 X104)1-6=0.449 
ew = 1.353 X10-1(4.71 X104)? =0.301 


W=10.3X0.750=7.73 watts, total i iron 
We 73/98. 1/12°44’ =0.0788/— 12°44’ 
=0. 0770 = —j 0.0146 =iron-loss current 


j 0.996 =1.24/ —53°45’=total current — 
71.4+7.8=79.2 watts, total input 


> 
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An Bight ¥ car Investiaation a [sahenife 
iGurrents. and Preventive Lightning Pro- 


tection on a ‘Transmission System 


E. HANSSON ~ 


MEMBER AIEE 


OME 10 or 12 years ago effective © 


lightning protection began to be ap- 
plied to transmission lines, and, about 
the same time, an inexpensive measuring 
device (the surge-crest ammeter) was 
developed.t On one transmission system 
_ this low-cost device has been applied to 
every structure in entire lines and has 
produced definite numerical evidence of 
the performance of the es pro- 
vided. 

It is shown that on “the system studied, 
the distribution of lightning strokes 
occurs at random, and that there are 
_ great variations in the number and in- 
. tensity of strokes from year to year. The 
numerical data show that the gain would 
be small from protection of single struc- 
~ tures or sections of lines. The data also 
make it possible to estimate long-time 

line performance from short-time rec- 
ords. The surge impedance of an over- 
head ground wire is indicated to be less 
than 235 ohms instead of the generally 
~ accepted value of 400 to 500 ohms 
The counterpoise arrangements on the 


_ lines in question vary from a single wire to 


eight wires in multiple. There is no evi- 
dence to show that one arrangement is 
_ better than another, as long as the result- 
ing ground-resistance value is the same.. 
The bonding of structures at crossings 
and parallels shows no tendency to spread 
trouble from one structure to another. 


Arresters connected to well-protected — 


lines were seldom caused to operate, and, 
when they did, the currents in most cases 
_were small... 


Scope of Field Investigation 


The installatior of surge-crest-ammeter 
links was begun on a system in Penn- 
sylvania and Maryland in June 1934, 
with additional installations being made 
every succeeding year. By the end of 


Paper 44-50, recommended by the AIEE committee 
on power transmission and distribution for pres- 
entation at the AIEE winter technical meeting, 
' New Vork, N. V., January 24-28, 1944. Manu- 
script submitted November 10, 1943; made avail- 
able for printing December 14, 1943. : 


E. Hansson is transmission engineer and S. K. 
Watporr is test engineer with the Pennsylvania 
_ Water and Power Company, Baltimore, Md. 
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1942, brackets were installed on trans- 
mission-line steel structures, lightning 
arresters, overhead ground wires, light- 
ning rods, and a steel flagpole. The 
aggregate exposure of the links has been 
considerable on the lines, amounting to 
13,227 tower-years and 1,776 mile-years 
with 5,501 bracket records .obtained. 
The exposure on the lightning arresters 
connected at the terminals of ‘the lines 


Table |. Variation in Total Number of 
Strokes Recorded Yearly on Five Transmission 
Lines 

Ratio to 

Strokes ' Five-Year 
Year Recorded _ Average 
OSS! a. fae eo eee DS). 2 jis Date eee. e 1.05 
OSG. < See ate age DES in eee Te 25: 
ROA? nee ee 252 Wee Ga! 
NG Aa ot oat a Seka 163. = 0.72 
OAD is te eee. BOO nS meee ere 0.88 
Average...... 227 


“has been 155 bank-years, with 54 records 


obtained. No significant records were 
obtained from the few miscellaneous 
bracket installations. 


Frequency of Strokes to Lines 
Two 220-kv lines, one 132-kv line, and 


two 66-kv lines cover the area served by 
the system. The stroke records from 


250; T i 4 
: y | ; 


jo38.1939~«1940~=C*«NATCi‘édAZ 


Strokes to two 66-kv lines 


1936 1937 


Figure 1. 
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these five lines, having an aggregate 
length of 228 miles, are taken as giving a 
representative picture of lightning condi- » 
tions on the system. Table I shows how 
the number of strokes recorded on these 


lines varied from year to year. The ratio — 


of the yearly maximum of recorded 
strokes to the minimum is 1.74, 

When the records of individual lines — 
are examined, the variations become more 
pronounced. This is demonstrated in 
Table II, which is the record for the four 
transmission lines on which tower light- 
ning currents have been measured for 
the longest time. ; 


As is to be expected, — 


the range of yearly variations is greater ~ 


for single lines than for the system as a 
whole. Also, the longest line does not. 
show so wide a range in the number of 


recorded strokes as do the shorter lines. ~ 


Beyond these generalizations, the data — 


show random behavior. For instance, in 


Figure 1 are given records of two com- 


parable lines, both lying in a more or less 
east-west direction and having very 
nearly the same stroke density. In 1938 


line C received its peak number of strokes _ 


for its seven years of record, while line 
D received the lowest number of strokes 
for the same time. 

These wide variations are indicative of 
the difficulty of judging the value of any — 


lightning-protective scheme from short- _ 


time field-performance data. Table III 
shows how the average recorded stroke 


frequency for a small number of consecu-— 


tive years can be quite far from repre- — 


sentative of the long-time experience. In 


this table, seven- and eight-year records 
are assumed to be representative samples — 


of the long-time record. This assump- 
tion seems reasonable for all [pee 
purposes. 

As was to be expected, the average | 
stroke frequency for any number of 


_consecutive years usually did not deviate 
‘from the period average as widely on line — 


A, 91.8 miles long, as it did on the shorter 
lines. A long line has a good chance of — 
being in the path.of most local thunder- 
storms, some of which might miss shorter 
lines. 

In Table III, the large ratios of maxi- 
mum to minimum number of strokes re- 
corded yearly help explain the common 


experience of a line behaving well one © 


year and poorly the next. 
hee qienis of Strokes to Individual — 
Towers 


Repeated lightning trouble at a giyen 
tower during a relatively short period of 
one or two years often is considered 
indicative of a location particularly sub- 
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_ Table Te Recorded Strokes to Lines Per + 100 Miles Per Year 
Line A _— Line B Line C LineD , Average 
220 Kv 132 Kv 66 Kv 66 Kv Values — 
. Length of line in miles.............. feo OU sere S358 Eee VANE LE oes D2 8 nae : 
Period of record in years..........-..+.. 8 a Sag 8 > eee D ae tom Whe is nae, y 
Average strokes for period. cp penile Nene Ob ics Seen US Oe! Miler taut: VE See ee ieee ris .118 
Maximum in one year............. cove Le Bis Moleiate O10" WOR: ceed OV aA ae ae: 180 ‘ 190 
Ratio to period average..........-.. PaO eet ie Ie. ere a t= ree aa ee oe 1.61 
-Minimum in one year.........-...... SO be ascetics S6), A eoeiae AS. tae 667 Sra. ne 65 
an _ Ratio to period average..:.....-.... PiONG2'.. sere Ac LOA CE OsB Ose OUR aatio er 0.55 
Ratio of yearly maximum ibs 
to yearly minimum................ Pei i ener AR Yaga ABD es ba 2.73. 2 92 


1,364 mile-years of line are represented by above record. 


System average strokes per 100 miles of line per year is 113 for five observed lines totaling 1,617 mile- -years 


41 of experience. 
5 2 (c# 
as x 
~~ Table Ill. Ratio of Average Stroke Frequency for Consecutive Years to th Average for an 
a Entire Period of Record 
ae Fi 
aa > Usperiod of Record (Years) 
ere A 8 8 ae 
a Indicated Number of Consecutive Years Line A Line B Line C Line D 
Vet : \ i) as : esis 2a 
4 yess! ey ean: 1.89 1.52 
ae vu tuaxa rn tte igeiicias © teins Ming Rae Een Bing LEO recone pa: ph dived Sr LUN Or ies ‘ 
: ead records { Minami yeti deta Sian See oy RCE ee ee GAs ga ies 0.30. 'cigt 20166 
, a leas iripiis A gh ene (oS a Pyros BO eee tie: 1 SFin Oe se 1.34 
Averages for two consecutive yeats | Minimum......... be ‘o. (ee ea OR AOW aie me O63 opuecue toes 0.68 
. "Averages fob three consecutive years { eyes Se nett Pye: Aes aor ee are ere oes 
Coy Maximum.......... LOG Ser: eae TR Lo 8 hr fot Bh tn 5 UR ae ed 1.10 
mee ge #5 -2 tor Tour consecutive years { Minimum,......... arab (ta O86 Te ce rik eee ree 0.88 
a a , Maximum...... een i iS eee awy = Pa ee eee PALS Cer eave 1.11 
ae oe ay oers for five consecutive reese Merizaam ets OR 0239 Ae (gE Ss aS Ors oe i A 8 0.87 
Maximum......... PD AD SR races DLO eok TOS ee sastes 1.03 
% penne, forhetevepnaecittive years | Mriimure Sar 50 Olado ae PDE OG te hye 100: at ee 1.038 
h J Maximum). 4.)502% 4 RAPA Speke, 1.05 
er for seven consecutiv e years { nae. 04 


ae to lightning, Inasmuch as s the rec- 
__ ords on lines A and B have been kept for 
: - eight complete years, some data are avail- 
_ able which show what can be expected. 


_A is struck, on the average, about 70 per 
_ cent as often as a unit length of line B. 
The effect of the greater number of 
"strokes to line B is shown in the greater 
_ percentages of towers struck and struck 
‘mote frequently (Table IV). The per- 
pe uiazes of towers of both lines that were 
” struck one, two, and three times are nearly 
equal. 
¥ Re There were 104 cases on lines A and B 
during the eight years of record in which 
4 an individual tower was struck two years 
‘in succession, 15 cases in which a tower 
_ was struck three consecutive years, and 


BEY tas OOO ot ceae ie 


_ Table II shows that a unit length of line - 


only three cases in which individual 
towers were struck four years in succes- 
sion. 
Towers rarely were struck more than 
once in a single year. On lines A and B 
there were 63 cases in which towers 
were struck twice in a single year, and 
only one case in which three strokes to an 


individual tower were recorded. 


Table V shows that towers can pass 
through several years without being | 
struck. If this should occur where no 
lightning-recording device is used, it 
might be inferred that the lightning pro- 
tection is quite. good, when in reality 
there has been an absence of strokes, A 


period of freedom from lightning strokes 
may be followed by a period of frequent 
strokes. 


The detailed tecords from the . 
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Figure 2. Distribution of 

1,987 ‘currents measured in 

towers believed struck by 
lightning 
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ditabudon “of eat 


in which there are a | number of flasho 


amperes and less have followed 


bake eit in the Bo was 


year Pagal From ree 


number of strokes striking a li 
tion in their intensity~-also. aff 
formance. Figure 2 shows the dist 
tion of tower currents during | ‘a Io ° 
period of time. 
Scie any one year the percentage of 
currents exceeding any given 
be quite different ie the aver 
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Since both ‘the are scaheciam 
is seem to be random Ree O 
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sriiual edviateeees appears ae 
correct. All of the data ‘ees 


"ampere arbuips in Figure 3. . oe be 
seen that the maximum number of cas¢ 
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TOWER LIGHTNING CURRENTS IN THOUSANDS OF AMPERES — 


Figure 3. Range distribution of 1,987 cur- 
rents in towers believed struck by lightning 
1934-42 


“ampere range, with a secondary peak 
occurring in the 25,000- to 30,000- 
ampere range. To investigate whether 
or not this phenomenon is the result of 
some unusual records obtained during 
the early part of the period of study 
_ which influenced the entire set of data, 
-the data from individual years in which 
records were complete were plotted by 
percentage in Figure 4. The primary 
peak is quite pronounced every year in 


- Table V. Towers Not Struck in Successive 
Years During an Eight-Year Period 


i 
— Yearsin-Succession 


in Which a Tower Number of Cases 


Was Not Struck Line A Line B 
aT RS eae ae wee OU. tees 122 
MEN tty afi iets cea 65. 
PIR oa Mini's ae carat ne MoS oe ote es 62 
1 chee, See eee Gi ts 228 40. 
Se ir ae rot cae cee BT coe. sesantloes 27 
Gee rioh Reet «4 ez5as yet ees Aim Lg 
ie tae. Bel ne Se Mert 13 
Boies 1a ese Spee is TS He ear arte 23 


: Table VI. Range of Per Cent of ee Cur- 
rents in Single Years Exceeding Indicated 


o Value 
Range of Yearly Average 
Tower Per Cent* Per Cent 
Amperes aetnieye i ‘Maximum 1934-42 
10,000 Be ane Gin cnet 50 
BOROOO soa 5 5 ee eins Aas E14 a Hie os py path 
30,000. = Guten pO ey a 12 14.8 
AQOUO. sa... OBR ss. tos. eae CR AA 8 beta 5.5 
BOO0O. a a: Oe eth asia. 3 Brille Macecdi 2.3 
60,000 ie ea ee el erence i 
TOOOON. oa 0 te ike ks HRN eee 0.4 
BO CUO Kee eens RM bette ARs (Oi: Ian ee 0.25 
e 90,000.55... Licensee nites: 0.15 
: 100,000... S03 +5 [eee nace ee VLR ae ag a 0 


* Bight-year record, 1935-42. Records were not. 

obtained for the entire 1934 lightning season, but 
the records obtained in that year are included in 
the average values given in the last column. 
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Table VII. Ratio of Sum of Four Leg Currents, Representing Probable Totten Current, to Four 


_ Times the Single-Leg Current 


Tower Current Py ; 
Number of 


Ratio of Sum of Four Leg Currents 
to Four Times Single-Leg Current 


_ (Kour Times Single- 


Leg Current) Leg Records Average Median Range 
UAE OOO%e wethcetee ey et GEA. Ses BUS ce aes eee eee 1.42-49.5 te 
1,001= 2,000... 2... 02... pe DO et erat Bui Richa tee eee, am ee ee, 0.98-17.8 
DOO B00Ws ee eae AGM en cu Ate elle sea Hee LI07> 2a een 0.25— 3.75 
8,001—..7,50028-5.4 aaix teak CM Aeon ee me 02808 secretes ON8os a eae 0.25- 2.88 ty 
Ti GOL=LO! OOO stereo wrest BG: aaneel Ries TS cae se Piette oe T00% 18 To ee 0.25- 4.13 - 4 
10,001=15;0007) 800... tee bee cele e creel ke DOU aS Meret ce O97 po eee 0.30- 1.85 
£5,001=20;000) 4-05. - ore. nly Saecerel oe eee Ted Fae Pee 2 O20bes.. 4 sie A 0.338- 4.25 ‘ 
20,001-25,000...... onthe ie ORO Rates grated OC SSiae coe eee 0.28- 1.25 k 
25,001=30!000;8 sx, anus oea2- Bec Quel ae ot ee OSs ERs ee ge 0.47— 1.10 | pe 
30,001-85,000; 5: au ars ner o- ae carey en ad OVRO. Ree Say 0082) cus eee 0.261. 27 0a 
S5LOOTE=AO N00 a ce eee AA ee nis re URE BOW cece emer OD etemeee ee 0.738> 1,28) 
40, 00 AR 000: Fuca sees Bb PERERA haloes Oe sates 1.13 x 
AEOOT=GO000 Te ihr acon eor eacin OuSor elie ee Oc 8922 wee eee 0.82- 0.95 
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the 5,000- to 10,000-ampere range. The 
secondary maximum in the 25,000- to 
30,000-ampere range is quite apparent 
in the records from 1935, 1938, 1940, 
1941,,and 1942. It is less prominent in 
the 1937 and 1939 records. The second- 
ary maximum occurs in the 20,000- to 


_ 25,000-ampere range in 1936. 


This analysis makes it appear that the 
wavy form of the broken line curve in 
Figure 2 is a more accurate representation 
of the distribution of tower currents be- 
low 35,000 amperes than is the straighter 
line. It appears that there are two 
principal types of lightning discharges as 
far as tower currents are concerned, 
‘Most of one type produce tower currents 
in the 5,000- to 10,000-ampere range, and 
most of the other type produce them in 
the 25,000- to 30,000-ampere range. 


- Division of Lightning Currents in 


Legs of Towers 


Most of the tower lightning currents 
have been measured in towers where 
surge-crest-ammeter brackets have been 
mounted on only one leg. The tower 
current in such cases has been assumed to 


be four times the current measured in 


the leg having the bracket. Of principal 
‘interest are the records from towers 
which it is believed have been struck by 
lightning or are adjacent to struck. spans 
of overhead ground wire, because it is 
these towers which are subject to flash- 
overs. 

It is believed that there have been 104 
times when towers provided with surge- 
crest-ammeter brackets on all four legs 
have been hit. These 416 records permit 


an estimate to be made of the errors in- 


é 
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volved when the tower current is com- 
puted from the current in.a single leg. 

_ Each of the 104 sets of records has been 
analyzed by first adding the four leg 
currents to obtain the nominal tower 
current. Then, each record was treated — 
as if it were the only one available from a 

tower. In Table VII are data on the — 
ratio of the sum of the four leg currents — 
in a tower to the product of four times the 
single leg currents taken individually 
If one assumes that the sum of the four _ 
leg currents is a good representation oa 
the true tower current, the probable — 
tower current can be obtained from a — 
single-leg record by the relation: ~. 


rae 
<a 
Probable tower current=4Xleg current X Ai 

; ratio from Table a 
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Figure 4. Range distribution of tower light- 
ning currents by years 
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sa, Table VIII. Lightning Disturbances on Parallel 66-Ky Lines 


40 Miles—415 Towers 
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For instance, there was a case of flash- 


over in which the tower lightning current 
was calculated from one leg-current record 
as being 13,400. amperes. This current 


_ lies in the range 10,001 to 15,000 amperes 


in Table VII. The median ratio is 0.97 
in this range, which indicates that there 
is ‘an even chance that the tower current 
was more or less than 0.97X13,400 
amperes=13,000 amperes. However, 
experience with 87 records in this range 
indicates that the current possibly may 
have been anywhere in the range 0.30 to 
1.85 X13,400 amperes, or between 4,000 
‘and 24,300 amperes. 
The values of the median ratio being 
near unity in most cases in Table VII in- 


. dicates that, on the average, results 
_ throughout most of the range of the 


7 


currents measured are of fairly uniform 


accuracy. ‘The low values of the median 


tatio for tower currents above 70,000 


_ amperes and the high values below 2,000 
_ amperes suggest that currents indicated 
in these ranges by single-leg records are 


- often appreciably different from four 


_ times the single-leg value. 


; 
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There were 25 cases in which there was 


no indication of current in a tower leg 
but in which the sum of the four leg 
currents in the given tower indicated 
that the tower had been struck by light- 


ning. In these cases, if brackets had 


been mounted only on the legs yielding no 
_ records, no record of the strokes would 
-have been obtained. Actually the tower 
currents ranged from 800 to 6,200 am- 
peres, averaging about 2,200 amperes. 
These data and those in Table VII suggest 
that there may be 25/(416—25) X100= 
6.4 per cent more strokes to a line than 
indicated by the surge-crest-ammeter 
links if there is only one bracket on each 
tower. It thus appears that the absence 
of a record on a tower having a single 
bracket does not mean necessarily that 
the tower has not been struck by light- 


ning. The data also imply that it proba- 
‘bly would be quite difficult to arrive at a 
satisfactory constant factor to account 
-for currents carried by tower cross mem- . 


bers, because the current distribution in 
cross members probably varies as widely 
as that in the er 


Effect on Flashovers of Bonding 
Adjacent Towers — 


There have been three instances of 
flashover on neighboring towers where 
footings are bonded with buried conduc- 
tors. Two of these were simultaneous 
flashovers on two lines carrying two cir- 
cuits each and situated on the same right 
of way with 50 feet separation. Table 
VIII summarizes the lightning experience 
on these lines in the 25-year period 1918- 
42. During this period the lines operated 


_14 years without bonding. When adja- 
cent towers on about three quarters of the _ 


line were bonded, the four-year period 
1935-38 showed only 4.8 disturbances per 


year as compared to an average of 14 in 


the period without bonding. 

Before the bonding was installed there 
were 0:7 disturbance per year involving © 
circuits on both lines, and after the bond- 
ing was installed there were 0.5 disturb- 
ance per year of this type. 

The third instance of flashover occurred 
on a tower of line C, which is shielded by 
the much taller tower of line B. The 
footings of the two towers are bonded 
together. When flashover occurred on 
the line-C tower, there was no flashover 
of the line-B tower, although the latter 
tower current was about 80,000 amperes, 
This current gives a tower-footing resist- 


ance drop of around 930-kv. Appar- 


ently the 132-kv tower was struck, but 
the potential of the 66-ky tower was 
raised through the bonding to a level 
sufficient to flash over. During the 
period of record dade to the flashover 
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1935-38 


(Single tere 


in 1942, there were ten strokes 
towers at this intersection wit 
flashover. 
38,000 amperes or less. 


. bonded towers raise a question a 
value of bonding neighboring trans 
towers, but the complete record of 
lightning currents makes it appe 


number of flashovers on adjacent t 
if the bonding can reduce footing 
_ ances. 
bonding on miultiple-line distur 
Table VIII shows the total num 
disturbances reduced fassier eo 
stallation of counterpoise. nur 
of simultaneous flashovers appears 
remain constant, but becomes a gre 
percentage of the total number of d: 
ances with improvement of groun 


on 66-Ky see Piovided With aa 
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. - sing en one, 


connected to a 66-kv tower do not pro- 


duce a surge impedance low enough to 
prevent flashovers, These lines have in- 
sulator flashover values of 565-635 kv with 
a 1!/,x 40-microsecond wave. Ina num- 
ber of cases the ground resistance was 
quite low, making the tower potentials 
based on the product of tower current 
times tower-footing resistance only a 
small fraction of the value expected to 
produce flashover. Since flashover oc- 


curred with such low footing resistance it 


seems reasonable that the inductive re- 


actance drop was largely responsible and 


that the footing resistance might be higher 
without additional flashovers occurring. 


_ Measurements show that the omission of 


the four inner conductors of the counter- 
poise system, where the ground resistance 
is 3.6 ohms, would raise the ground resist- 


-ance of the remaining counterpoise, con- 


sisting of four conductors, to about 4.5 
ohms. The inner conductors were origi- 
nally installed in the hope that the surge 
impedance would be reduced sufficiently 
to prevent flashovers. The experience 
listed in Table IX shows that this hope 
was not realized. It thus appears that 
no benefit is derived from adding counter- 
poise wires after the ground resistance has 


been reduced to the optimum value. 


Line B has an insulator flashover level 


of 1,015 kv. The only flashover on this 


a 


_ required for flashover.. 


v4 


va 
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line was at a tower 137 feet high, which is 
about twice the height of the 66-kv tow- 
ers. It seems likely that the surge im- 
pedance added by the greater tower height 
contributed to the conditions causing 
flashover. The product of tower-footing 


resistance times tower current is only 41 


‘per cent of the theoretical tower potential 
The eight-year 
record of line B indicates that multiple 
counterpoise systems having the optimum 
ground resistance of ten ohms or less pre- 
vented flashovers. 

The 220-kv lines have an insulator 
flashover level of 1,605 kv, for which the 


optimum footing resistance is 16 ohms.? 


Since very low footing resistances were 


not required, an experimental installation _ 


of single counterpoise, continuous in both 
directions to the next adjacent towers, 
was made at 38 towers of a 220-kv line. 
The lightning-current records have been 
kept on these towers for nine years, 
making a total of 9X38=342 tower years 
of record without flashover. Sixty-four 
strokes were recorded on the towers 
during this period, producing tower cur- 
rents as great as 98,000 amperes. The 
footing resistances did not exceed 20 
ohms. The data seem to indicate that 


_ towers having an insulator flashover level 


of about 1,600 kv are quite well protected 


i" 


by single continuous counterpoise, pro- 
vided this type of grounding will bring 
the footing eetsiiees down to the opti- 
mum value. 


Estimated Maximum Apparent 
Surge Impedance of an Overhead 
Ground Wire 


Table X gives 17 instances when tower 
currents of about 30,000 amperes or 
greater have been recorded in two adja- 
cent towers of a line and the currents have 
not differed from each other by more than 
25 per cent of the larger tower current. 


given. The probable upper limit for the 
surge impedance of the overhead ground 
wire is the foregoing voltage divided by — 
the corresponding tower current. The 
average value of the surge impedance, 
calculated in this way, is 236 ohms, the 
median is 228 ohms, and the range is from 
139 to 323 ohms. These values for the 
surge impedance of a conductor in air are ~ 
appreciably less than the theoretical 
value of 400 or 500 ohms often quoted. 
Of more practical interest is the implica- 
tion from these data that mid-span clear- 
ances may not need to be so great as 
often are allowed. Perhaps the preven- — 


Table X. Estimate of Maximum Value of Surge Impedance of an Overhead Ground Wire ~ 


Mid-Span Spacing 


Nominal Voltage (Kv) ~ 


Between Overhead Span Lightning Maximum Surge 
Ground Wire and Length to Produce Flashover Currents Impedance (Ohms) 
Nearest Line in at Mid-Span in Adjacent _ Without 
Conductor Feet (1 Microsecond Front) Towers Flashover 
tii tee al age ee Sines. Gee 8,000... News eae eet Mee »..139 
23.80. oe: Mee 2 Tal Meee wee 7560. ne ees leona ees. 228 } 
Dre ac Maen LODORAY. eset “9 650 doce nae (edece \ eee 289 
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Hk oe oe ene: LOO ayy cnet ee 9,560. .i.ctoten payee ery 196 = 
BONUS teu eee oU0 Se aoe 9,B06s es. oen tered iid cele 200 é 
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A pair of records of this type has been 
interpreted as resulting from a stroke to 
an overhead ground wire about midway 
between towers. The current in the 
overhead ground wire is probably as 
great as, or greater than the indicated 
tower current, because’ some current 
probably flows in the overhead ground 
wire, or wires, past the recording tower 
and does not affect the surge- neat 
ammeter links. 

Since no tripouts occurred in any vie 
these cases, there is assurance that no 
flashovers occurred at any of these loca- 
tions. Incidentally, flashovers causing 
tripouts have been at towers, not in mid- 
span. In Table X the voltage required 
to flash over the mid-span spacing and the 
probable minimum value of the lightning 
current in the overhead ground wire are 
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tion of sleet and snow troubles, rather ; 
than the prevention of mid-span lightning ~ 
flashovers, should be the controlling factor — 
in determining mid-span clearances. 


Comparison of Estimated and Actual 
Lightning Performance 


Published literature on lightning pro- 
tection indicates over 20 factors probably 
affecting the estimated lightning perform- . 
ance of a transmission line (see appendix). — 
The individual effect of most of these fac- 
tors is known only qualitatively, and so 
it is practically hopeless to include them 
in any estimating method. Relatively 
simple calculations were attempted in 
1937 for estimating the line interruptions 
which might be expected as a result of - 


lightning.?“* From the records available, | 
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$ : . Ne % Lip Peay ee 
‘ Table XI. Estimated and Actual Lightning Outages Nee 
; te Years Lightning Outages Per Year 
<p of : = : ; Error | 
Line Record | Actual — Estimated _ (Per Cent) 
eA 290 fey Sas RRNA ER RS Mada eit, oR Ul Re eRe OuOOss hea eee OLOLE Arter thd 
> 220'ky jp. 203 ino tele aoe, eek meee BRS har: GP yap LE stink OF (Eo are at 
ES Da A ao a us Coe Sue (ayn, So eee vi i OS a ace GON GB isk sre itn cetare sah 
Ee aa ae ee eee Sipe BG Mires 1 Va ies ack 1 Tih gee Be eek ar 
| SRT TES RE Se PE er Sr ARS ee RAGS eee: BREWER ot ge bok +30 — 
Before improvement (1928-36) 5 oS eS Ls eee tegen Tefal Nees, Sek oy PAO sorrel aceths +17 
 D—,66 kv 
Before improvement (1929-34). . sonctietas [ae ey ON DD) ite yas, cane cas ON Gy ee ei lat +7 


_ * Does not include a one-mile section where there are no overhead tous wires. 


** It will take many more years of operation to check the accuracy of estimates for these lines because 


_flashovers so seldom occur. 


~ 


ao i ae — 


} 


/ 


Table XII. Efficiency of Preventive Lightning Protection pate Petiod of Study With Surge- 


ts Crest-Ammeter Links 
Ber ; , —— 
i as Tripouts Efficiency 
Cl Years Per 100 Miles of 
ei of Lightning _—— oof Line Recorded Protection — 
ef Line Record Outages* . Per, Year Strokes (Per Cent) 
LU SIRO AeA ne bar OO Coens ote Shera sect Op miaeacens Oa nee 696,54 nere 100 
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—' 66 kv..e..... 2 LS Ss ae a Oe oe BEG. cc dobete 4 LSSigh, 3. Figs OG retest sata 98.3 
(Two lines on one right ‘of way) A 
* Single, double, and ‘triple circuit tripouts. ** Flashovers 
the Pett’. seems to work well ay well as preventive protection. It has 


w shielded lines. Asa further check, and to 
Hetermine 3 the method ae “ihe to 


a were ‘hide for fines C and D eeoie ay 


were improved. The results are shown 


wine Dy batore it was improved, is of 
‘a oi 


¥ “edad interest because of its non- 


“and Lapbrokimately 2, 1 Slee on each end 


were provided with a ‘single overhead 
ground wire. 
grounding anywhere on the line. De-' 
tailed calculations for estimating the 

performance are given in the appendix, 
“ indicate that 20.6 tripouts per year 
could | be expected. This is an error of 
only seven per cent from the actual expe- 
: oe as shown in Table XI. 


ficiency of Preventive Protection 


‘The efficiency of the protection pro- 
vided by the combination of insulation, 
"grounding, and shielding can be calculated 
from the stroke and tripout records. 
Efficiency of protection is the ratio, ex- 
“pressed in per cent, of the number of 
rokes not causing tripouts to the total 
‘number of strokes. Table XII gives the 
record for all lines. The record of line D 
is omitted from this table, because this 
line is provided with a Petersen coil as 
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There was no auxiliary - 


suffered no lightning troubles during five 


_ years’ operation with this double protec- 


tion. 

_ The better efficiency of ataciae for. 
the suspension towers of line C as com- 
pared to the strain towers is probably the 
result of the better shielding on the former 
type of towers.? From the number of 
flashovers believed the result of poor 
shielding, the efficiency of shielding can 
be estimated as 99.2 per cent for the sus- 


Table XIII. 
; Period 
of Record — 
in Stack- 
’ ca) or 
Arrester Type Bank-Years 
220-kv one-phase stacks...........0........ 27 ; 
220-ky one-phase expulsion COPS. 2b Cle pron 6 
eee eat fo ee Gh 20... 
66-kv three-phase banks................ ; ; 1 68... 
4 
66-kv one-phase stacks..............,.,. - .198 


. 
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that some further improved p 


ence, 


Summary of Discharges Through Lightning Anette | 


pension jowere ane) 94 
strain towers.  * ie 

The 100 per cent utes 
on the 220-kv lines dur 
surge- crest-ammeter li 
Re interpreted as meaning tha t 
te ca Ls See if tt 


about 99.9 per Lean 7 his record 
sizes the need for long periods of 
well-protected lines, since flasho 
so seldom that the strokes causing 
might be considered freaks. It is 


will have to be developedd if perfe 
to be attained, it 5 
Discharges Through Lightnin 

Arresters. 


Table XIII summarizes ihe corde ae 
tained since the first brackets ‘were in- 
stalled in 1935.- It will be noted that 3: 

of the 53 arrester discharges, or 6 
cent, are less than 1 ,000 amperes. 


three of the discharges, or six pe 


exceed 2,700 amperes. 


“ 


SS 


Summary ; 


RA of exposure. “Ther have 
54 sets of records from lightning ; é 
obtained - aa Ss 155 bank-years ° 


mes, aaa SSS = 


‘ 
{ 
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= rae e 
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2. Based on an eight-year period of record 


: as one case and a five-year period in the 


} 


other, two similar 220-kv lines running in a 
generally north-south direction experienced 
the same average number of strokes per 


_ year within approximately seven per cent. 


_ its length, experienced on the average about . 


Two similar 66-kv lines lying in an east- ; 


‘west direction experienced the same average 
number of strokes, within about three per 
cent, during a seven-year period. © 


3.1 A 132-kv line, having about the same 
span lengths as a 220-kv line but lying in a 
more or less northwest-southeast direction 
within about two miles of a river throughout 


40 per cent more strokes per unit length 
than the 220-kv line during an eight-year 
period. 


4, The maximum number of strokes re- 
corded on one of the transmission lines in 
one year was 4.9 times the minimum number 
recorded in another year. The maximum 
number on this line occurred in the same 
year that the minimum number goueed on 
a comparable line. 


5. The strokes in single years'to a line devi- 


eight-year averages. 


ated up to 89 per cent from the seven- or 
The average number 
of strokes recorded in two or more consecu- 
tive years did not, deviate so much as this 
from the long-time records. With these ex- 
perience records, it is possible to estimate 
the long-term experience on a line from the 
experience of a few years. 


6. The number of strokes recorded in single 


_ years on a line 92 miles long did not vary so 


much as those recorded on’ shorter lines, 
It may be inferred from this that the number 
of lightning troubles will not vary so much 


_ from year to year on long lines, as it will on 
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shorter ones. 


7. The data for tower lightning currents 
show most records in the range from 5,000 
to 10,000 amperes with a secondary maxi- 


_ mttm in the 25,000- to 30,000-ampere range. 
This suggests that there may be two types 


of lightning discharges, most of each type 


4 


- 


producing tower currents in different ranges. 


s 


_ single 


Ott 


8. The majority of towers were not struck 
more than once a year, but it-is not unusual 
for a tower to be hit twice in one season. 
Only one tower during an eight-year period 
on two lines (5,248 tower years) has been 
struck three times in one year. More than 


three strokes per year has not been recorded 


on any tower under observation. 


9. Of 656 towers observed for eight con-° 


secutive years, 138, or 21 per cent, did not 


produce records indicating that they were | 


struck by lightning during the period. 
Most of the towers (78 per cent) were not 
struck more than twice during the eight-year 
period. 


10. The maximum number of years in suc- 
cession that any one tower has been hit is 
four, and this occurred only three times in 
eight years. Occasionally a tower is hit 
two years in succession, but it does not occur 
often. 


11. It may be inferred from the extensive 
stroke data that the installation of localized’ 
lightning protection usually cannot be justi- 
fied on the basis of a one- or two-year trouble 
record. The chances are that lightning will 
not strike the particular location in the years 
immediately following. - 


12. Three lightning currents ranging from 


. 8,000 to 45,000 amperes have been recorded 


on a flagpole: The pole is about 300 feet 
- above street level, and is the highest point 
within three city blocks. 


13. From 104 sets of veeords obtained from 
towers with surge-crest-ammeter brackets 
on all four legs, it is possible to estimate the 
range in which a tower current lies when 
only one bracket record is available from a 
‘tower. When the single-leg records indi- 
cated tower currents of 2,000 amperes or 
less, the sum of the four leg records was as 
large as 50 times the single-leg indication. 
In the range from 2,000 to 70,000 amperes in 


a tower, the single-leg records usually were ° 


not very much in error. In the four cases 
where the tower current indicated by a 
bracket was 76,000 amperes or 
greater, the sum of the four bracket readings 


Table XIV. Estimate of Lightning Outages on Line Section With Overhead Ground Wire 


* 
‘ = Maximum Safe Percentage of “3 
Ranges of Towers in Range Current Tower Currents Probability 
Tower-Footing - { for Towers Exceeding of 
Resistance’ Number Per Cent in Range Safe Values Flashover 
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one of the 66-kv lines, where it is about 97.5 


’ 


was appreciably teas than the single-bracket 
indication, 


14, There were 25 cases where the surge- 
crest-ammeter. links on a single leg yielded 
no current record when there was current in — 
the other legs. These records showed tower 
currents as great as 6,200 amperes when no 
record was obtained from one ° of the brackets 
on that tower. 


= 


15. From the four bracket installations it _ 
is estimated that 6.4 per cent more strokes — 
were recorded by them than would have — 
been recorded if only one bracket had been 
installed on those towers. \ y ey 
/ 
16. Bonding of adjacent transmission — 
towers appears helpful in reducing footing — 
resistance, It apparently | does not cause 
any appreciable change in the number of © 
disturbances affecting more than one of a 
group of neighboring towers. : 
17. Flashovers occurred on 66-kv towers — 
having as many as eight continuous- | 
counterpoise conductors. However, the — 
eight-year record of the 132-kv line indicates 
that a multiple-counterpoise system has © 
prevented flashovers when the ground ‘aoe ES 
sistance is ten ohms or less. 


i *, 


‘18. A single continuous counterpoise seems 


to provide good protection for 220-ky towers — 
having an insulator flashover level of 1 600 
kv or more, provided that this type aS 
grounding brings the footing resistances to_ 
less than the flashover value of the insulation 
in kilovolts divided by 100. 


19. The average value of the surge tee 
ance of a conductor in air seems to be less” 
than 235 ohms. This is appreciably less — 
than the theoretical value of 400 or 500° 
ohms often used. The data on which this 
estimate is based imply that mid-span clear= _ 
ances on transmission lines may not need t 

be so great as often are allowed for the pre- 4 


vention of mid-span flashovers. 


20. Fairly good predictions of line per- ¥ 
formance can be made by a hc a ; 
empirical method. 


21. The efficiency of protection of the ae 
kv lines is estimated to be about 99.9 per 
cent. This high efficiency means that 
strokes causing flashover are so rare that 
many years may elapse between flashovers, 

The lowest efficiency of protection exists on 


* 


: 


per cent. 


22. Itis evident that preventive protection: 
can be made very effective, but it does not — 
attain perfection. ; pe 


23. The largest recorded current through a 
lightning arrester was 7,400 amperes occur- 
ring in a 66-kv bank. A surge current of 
9,700 amperes through a 220-kv expulsion — 


protective gap was recorded. . 
* 
‘sy 

Appendix. Estimating the 
Lightning Outages of a 


why 
eS 


Transmission Line 


Even a cursory survey of the literature on 
lightning protection indicates that a large — 
number of factors should be considered — 
theoretically when attempting to predeter- 
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mine the lightning performance of a line. 
Some of these factors are: 3 


1. Number of storms per 100 miles, per year 
(a) Number of strokes. 
(6) Intensity of individual strokes. 
Topography. 
Cloud height. 
Effective ground plane. _ 
Soil resistivity and its variations. 
Insulation. 
Coupling factor. 
Span length. 
Mid-span clearance between conductors and 
overhead ground wires. 
- Shielding 
(a) Number of overhead ground wires. 
“he (b) Location of ground wires. 
(ce) Influence of hillsides. 
(d) Nearby structures. 
11. Surge impedances 
(a) Tower. 
(b) Overhead ground wires. 
(c) Grounding system, 
12. Effect of method used in measuring Paap 
resistance. 
13. Area covered by grounding system. 
14. Number and type of grounding electrodes. 
15. Lightning current measurements 
(a) Accuracy of magnetic links. 
- (6) Distribution of current in tower. © 
16. Wave shape of lightning surge. 
17. Movement of conductors by wind 
(a) Effect on shielding. 
(6) Effect on clearances. 
18. Design features affecting electrostatic field 
around insulation, 


2 00.1 OVI G9 bo 


te 
S 


19. Effect of weather conditions on electrostatic 


field around insulation. 
20. Instantaneous value of power voltage at in- 
stant of stroke. 


Since inclusion of any large number of 
these factors in a computation is imprac- 
tical, a method‘ was developed a few years 

ago which included only those factors that 
experience had shown to be most important. 
Initially the method was applied only to 
shielded lines, Puen now it is a to all 
‘ Tines. 

peperience with line D before its improve- 
ment with shielding and counterpoise 
afforded an opportunity to test the accuracy 
of the computations. © 


Before improvement, the line had a single 
overhead ground wire installed on end sec- 
‘tions only. The computation of estimated 
flashovers resolved itself into three parts, , 

+2 
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4 J J - r * 
one for each Of ee three types of line sec- 


tions: nu 


1! Overhead ground-wire zectiGens 
2. Towers. 


3. Spans between towers without overhead ground 


wires. 


Dotled Calculations 


1. At the two ends of the line, there was 
a total of 4.25 miles of single overhead 
ground wite. This wire is assumed to pro- 
vide practically perfect shielding for pur- 
poses. of calculation. There were 34 towers 
in the sections having shielding wire. The 
footing resistances of these towers were dis- 
tributed as indicated in Table XIV. The 
line insulation had a flashover level of about 
510 kv. The coupling factor between the 
overhead ground wire and the conductors 


was about 0.25. The maximum tower po- — 


tential without flashover is then safe tower 


potential =510/(1 —0.25) =680 kv. 


In Table XIV, the maximum safe tower 
current is obtained for column 4 by dividing 
680 kv by the maximum footing resistance 
in each range from column 1. From Figure 
2 is entered in column 5 the percentage of 
tower currents that can be expected to ex- 
ceed the give maximum safe value. The 
probability of outage per stroke for each 
range of tower-footing resistance is the 


- product of the values in columns 3 and 5 
-expressed as decimals. 


The total proba- 
bility of outage per stroke for the section is 
0.46. Since the average strokes per 100 
miles of line per year for the entire trans- 


. mission system is 113 (Table II), the proba- 


ble outages per year for the overhead 
ground-wire section is 113(4.25 miles/100 
miles) 0.46 =2.2. 


2. The section of the line without over- ~ 


head ground wires was 18.58 miles long, 
which -experienced (113X18.58)/100=21 
strokes per year. The absence of the over- 


head ground wire made the coupling factor 


equal zero and the safe tower potential 


equal the flashover value of the insulation, | 


which was 510 kv. 
It is assumed® that 20 per cent of the 
strokes to the line hit the towers and the 
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- section. 
caused by strokes to towers without 


than 235 ohms. 


‘Towers without overhead ground wires. 


37, July 1934, pages 324-7. 
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Sac on TRANSMISSION-LINE SHIELD 


“remaining 80 per cent hi 
‘tors. The strokes erm 


ance with peobebilit mike 
those made for the overhead 
The probable flashov 


head ground wires come to 3.3. 


8. There was an average of a 
21=16.8 strokes each year termit 
line conductors between towers. 
been shown in the paper that th 
pedance of a conductor in air av 
On this basis, it 
assumed that the conductors on line 
carry more than 510 kv/235 
amperes, without flashover. 5 
it is roughly estimated that ten pe 
the strokes to line conductors did ne 
flashover. Pare about 90 


i summary es the Satininted fla we | 
on the three types of line section is as 
follows: : 


+ 


Towers with overhead ground wires...... 


Spans without overhead ground wires.. 
Estimated tripouts per year...... Aeauereny, il 
‘ 
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Supervisory Central: for the World S 
Most Modern Steel Mill 


P, B. GARRETT 


MEMBER AIEE 


ARTIME EXPANSION of the 


Pacific Coast shipbuilding industry 
has accentuated the need for new steel- 
producing facilities in the West. More- 
over, rich deposits of iron ore, coal, and 
Jimestone—the raw materials required to 
produce steel—are close at hand in the 
central inland section of the western states. 


_ To meet this need and to take full ad- © 
vantage of raw materials so strategically ' 


situated, a completely integrated steel 
plant has been constructed in that re- 
‘gion. In this plant, the largest west of 
the Mississippi River, approximately 700,- 
000 tons of finished ship plates and 
200,000 tons of structural steel will be 
produced annually for Pacific, Coast in- 
dustry. This production goal required 
_the building of 252 coke ovens, three blast 
furnaces, nine open-hearth furnaces, a 
45-inch slab mill, a 132-inch plate mill, 


‘and a 28-inch structural-steel mill. - 


Supplementary units include a sintering 
plant for treatment of the ore and an 
exceptionally large central maintenance 


“shop. Adequate outside shop facilities 


are not available in the region of the 
plant, thus necessitating self-sufficient 
shop facilities within the plant. 


For the first time in the history of 


steel-mill design, the entire electric- 
power supply and distribution system 
will be under the supervision and control 
of a centrally located power dispatcher. 


Particularly significant is the fact that all. 


apparatus in the mill motor rooms like- 


wise will be remotely controlled and un- 


attended. 
One of the most comprehensive super- 
-visory control systems yet constructed 
will permit control of all of the wide- 
spread units of this plant from one dis- 
“patching center. This is in distinct con- 
trast to the previous practice of main- 
taining local operators at all substations 
and local attendants in all mill motor 
rooms. 
Supervisory control is a selective code 
“system designed to provide remote con- 
trol and supervision of a relatively large 
‘number of apparatus units through the 
‘medium of a single pair of control wires 
for each remote station. This system 
utilizes telephone-type relays throughout, 
and operates from a battery source of 
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M. E. REAGAN 


FELLOW AIEE 


48 volts direct current. It is simply a 
means by which remote-station appara- 
tus can be supervised and directed, just 
as a substation operator is directed by 
telephone. 


General 


In designing the electric-power system 
for a new plant, the steel-mill engineer 
faces the same problems of generation, 
transmission, and distribution that con- 
front the central-station engineer. How- 
ever, in the utilization of this power for 
the production and processing of steel 
he isin a field peculiarly his own. 

Of utmost importance is the problem 
of supplying 700 volts direct current for 
the main drive motors in the slab, plate, 
and structural-steel mills. Large motor- 
generator sets are required for this pur- 
pose, together with their associated ex- 


- citer sets, ventilation equipment, and 


miscellaneous auxiliary apparatus. Par- 
ticular interest, therefore, is centered in 
this mill motor-room apparatus and its 
special control and supervision features. 

Up to this time it has been customary 
practice to provide an attendant in each 
mill motor room. His function’ is to 
control locally all motor-room apparatus. 
His duties include switching of all 
primary and secondary distribution cir- 
cuits for the mill, as well as starting and 
stopping of all motor-generator sets and 
associated apparatus. An idea of the 
labor and time that would be involved 
in carrying out these duties in this new 
mill may be gained from the fact that 
the plate-mill motor room is BER by 575 
feet in area. 

The single-line diagram oe 4) 
indicates the magnitude of the power 


system, which serves a plant area ap- 


proximately 2!/, miles long by one mile 
wide. Although not shown, a large 


Paper 44-39, recommended by the AIEE .com- 
mittee on industrial power applications for pres- 
entation at the AIEE winter technical meeting, 
New York, N. Y., January 24-28, 1944. Manu- 
script submitted November 13, 1943; made 
available for printing December 10, 1943. 


P. B. Garrett is assistant to manager, north- 
western engineering and service department, 
Westinghouse Electric and Manufacturing Com- 
pany, Chicago, Ill., and M. E. REAGAN is sec- 
tion engineer, switchboard engineering department, 
Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa. 
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number of radial feeders are supplied 
from the distribution busses indicated 
for each substation. 

Each unit of the project is provided 
with an entirely independent supervisory- 
control setup. These units are the open 
hearth, sintering plant, blast furnace, 
shop, coke plant, 138-kv tie substation, 
and the slab, plate, and structural-steel 
mills. Although all dispatching-office 
equipments are located at a common 
point, operations can be performed, or 
signals received over all equipments in- 
dependeutly. 

In this application, the electrical dis- 
patcher is also the power-station switch- 
board operator. 
supervisory-control equipment for each 
unit of the mill is incorporated in the 
same cubicle which houses the direct- 


acting control, as well as the metering — 


and protective relaying, for the 13.8-kv 
feeder circuit supplying that unit. 


The dispatching-office — 


With the power-supply system for the . 


mills literally at the fingertips of the dis- 
patcher, all motor-room apparatus can 


be placed in service with an absolute : 


minimum of man power and in a mini- 


mum of time. Supervisory control pro- 


‘vides immediate notice to the dispatcher 


of the loss of any normal power source. 


Standby tie lines between substations 
and between motor rooms can be switched _ 


in with minimum interruption to plant — 


production. 


factor in order to maintain maximum 
operating efficiency. 
_Completely automatic control of such 


motor-room apparatus as motor-generator ag 


sets and mercury-arc rectifiers has been 


and has proved itself in service. Co- 
ordination of such local automatic con- 
trol with remote supervisory control 
makes possible an operating setup based 
on completely unattended motor rooms. 


‘Under normal operating conditions these 


motor rooms will be locked, and the 
apparatus therein will be accessible to 
authorized maintenance personnel only. 
Likewise, all conventional substation 
apparatus throughout the project will 
be unattended and locked in a similar 
manner. . 

. As in previous mill practice, operators 
in control pulpits overlooking the slab, 
plate, and_ structural-steel mills will 


control locally all operations involving 


the handling of steel. With all motor- 
room apparatus ready to serve the mill, 
the pulpit operator will receive automati- 
cally a visual go-ahead signal, and, 
through the interlocking of a permissive 
relay, may proceed with mill operation. 
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Provision is made also for 
the dispatcher to control system power — 


- available to the industry for many years — 


In the dispatching office, one or more 
panels are assigned to each station or 
mill unit under remote control. The 
control escutcheons are physically laid 
out in a logical arrangement with a 
miniature bus system in distinctive colors 
to indicate all principal busses, feeders, 
and tie lines. Each escutcheon is a small 
shield or panel which*has assembled on 
it all of the control keys, push buttons, 
and indicating lights associated with a 
given apparatus unit. 

Each dispatching equipment incor- 
porates a station-alarm lamp, a* pilot or 
“normal” lamp, and a control-line super- 
vision lamp: The pilot lamp is the only 


2s 


one of the three normally lighted. This 
indicates that the system is at rest but 
in a condition to operate. Should a 
fault occur the alarm bell rings, and a 
station lamp shows the station from 
which the signal is coming. A glance 
at the group of escutcheons locates the 
individual breaker or protective device 
which has caused the alarm through the 
glowing of the disagreement lamp. Thus 
the dispatcher is able to note quickly 
what has happened and to restore service 
by reclosing the necessary breakers. 

In this plant, there are 11 control 
centers and approximately 500 control 


points, with provision for an additional 
200 future control points. In general, 
all 138-kv, 13.8-kv, 6.9-kv, 2.3-kv, and 
460-volt 60-cycle circuits, as well as the 
250-volt d-c circuits, are controlled by 
the supervisory-control system. All 13.8- 
kv circuits in the switchhouse, coke 
plant, sintering plant, and slab mill are 
equipped with breakers of 1,000,000 kva 
interrupting capacity. These are of the 
air-blast air-operated station type. Else- 
where, feeder reactors permit the use of 
500,000-kva interrupting-capacity re- 
movable-type breakers. The 250-volt 
d-c circuits throughout the plant are 
supplied from ignitron-type rectifiers 


Figure 1. A short 

section of the dis- 

patching control 
board 


with semihigh-speed heavy-duty steel- 
mill-type circuit interrupters. 


Details of Operation 


As previously noted, the supervisory- 
control equipment operates from 24-cell 
battery circuits. The use of alternating 
current is undesirable since the control 
system, which brings vital information to 
dispatching headquarters during times of 
trouble, is most important when the a-c 
supply is cff. For each station under 


remote control only two telephone-type 
line wires are required. 


7 

The selecting system consists of straight 
counting codes. In case of a selection 
initiated by the dispatcher, the desired 
code is sent to the remote station, where 
the selected relay returns its code to the 
office. If the returned code does not 
agree with that sent out, no further opera- 
tion is possible. If it does agree, the 
“check” or point lamp on the individual 
escutcheon is lighted. For a cirenit- 
breaker operation the dispatcher then 
turns the twist key to the desired “close” 
or ‘‘trip’’ position and presses the master- 
control push button. This action sends 
the closing or tripping code to the selected 
unit, causing it to operate. As the 
breaker changes position, an auxiliary 
switch causes the new position to be 
reported to the dispatcher, changing the 
red and green lamps to correspond. 

An automatic operation is reported in a 
similar fashion. Should a circuit breaker 
trip automatically, its auxiliary switch 
causes its selecting code to be trans- 
mitted to the office and the alarm bell to 
notify the dispatcher that some action is 
required. The office relay returns the 
check code to the substation, which im- 
mediately sends its position code to 
change the red lamp indication to green. 
As the dispatcher hears the bell, a glance 
at his row of panels informs him which 
substation is involved by the lighting of 
a station-selection lamp. On the panel 
reporting the alarm the individual break- 
er that opened is clearly indicated by the 
disagreement lamp. The dispatcher may 
select and reclosethe breakerimmediately. 
Should a permanent fault cause the 
breaker to reopen immediately, he may 
dispatch his maintenance crew to locate 
and correct the fault. 

Once each week it may be desirable to 
test the over-all supervising system. 
The accepted method consists of a ‘‘mas- 
ter check,” in which the dispatcher 
presses a miaster-check push button. 
This causes a checking code to’ be trans- 
mitted to the remote-control center, 
which compels each circuit breaker or 
other operated device to send its present 
position code to the dispatcher’s board. 
Thus the equipment is given an over-all 
positive test and, at the same time, as- 
sures the dispatcher that all equipment 
is in good working order. . 

If automatic-breaker operations occur ~ 
at the substation during the master-' 
check operation they will be indicated 
immediately, provided that the master 
check has progressed beyond their point-_ 
assignment number. Otherwise, they will” 
take their proper turn in the point-as- 
signment sequence. 


If it should becomie necessary for the — 
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etched to select and operate any sub- 
station device during master check, he 


may doso. The only special requirement 


is that he hold the selection key in the de- 


pressed position until the point-selection. 


lamp is lighted. 
_ As soon as the desired operation on 
that point is completed, the master- 
check operation will be resumed auto- 
matically. At the end of the master- 
check operation the alarm bell will be 
energized to notify ‘the dispatcher that 
the check has been completed; he must 
then depress the “reset”? key to silence 
the alarm. 

__ In periodic testing or for special opera- 
tions following maintenance work, it is 
sometimes desirable to operate a breaker 
several times. In order to save time-and 
eliminate the necessity of reselection; the 
selection may be retained by holding the 
master-control push button in the closed 
position until the red and green indicating 
lamps have changed position indication. 
In this way the selection is maintained 
and, by changing the position of the twist 
key to the opposite position and again 
pressing _ the master-control key, the 
opposite operation is performed. On the 


last operation, if the master-control push — 


button i is not held in too long, the equip- 
ment will reset automatically and become 


available for any other desired operation. 


_ The supervisory-control equipment is 
composed of extremely simple, mechani- 
cally uniform telephone relays, which 
send and receive codes at approximately 
14 impulses per second. No polarized re- 
lays or selector switches are used. The 
control is fast, positive, and inherently 


antipumping, and automatically checks - 


each selection. The entire equipment 
normally is at rest. Continuous indi- 
vidual lamp indications are provided for 
supervising the position of each remote 
ee unit. ~ 


Bont by the dispatcher i is performed 


a manner very similar to that in ‘which 
an operator in the remote station itself 
would control the apparatus by means of 
the usual local control. Coded operation 
control provides protection against the 


possibility of faise operation of any ap- 


paratus unit due to foreign voltages on 
the line wires that might be caused by 
surges from Pr ala power laties or light- 
.e- 


Transfer Switches. 


At all remote locations any apparatus. 


mit can be transferred at any time from: 


remote to local control by means of local 
transfer switches. Remote supervision of 
the positions of these transfer switches is 
J 
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provided by voltage groups. 


trols a corresponding indicating lamp in- 
stalled over the substation or motor-room 
door. This lamp is lighted when any one 
of the group of transfer switches is turned 
to the local-control position, Thus it 
serves as a warning to a maintenance or 
test engineer about to leave the station, 
should he unintentionally leave one or 
more transfer switches in the local-control 
position. As a safety precaution, any 
apparatus unit may be tripped by local 


control at any time, regardless of the 
position of its transfer switch. The dis- 


patcher retains supervision of positions of 
all apparatus units, even though they 


. may be under local control. 


Control Lines 


Each pair of control lines is supervised — 


continuously to detect open-circuit or 
short-circuit conditions. Each such chan- 
nel is used also for telephone communica- 
tion with its associated station, without 
interfering with supervisory-control opera- 
tions. This communication feature 


\ 


Figure 2. Dispatch- 
ing-office super- 
visory-control cubi- 
cle, with open doors 
showing fluh- = 
mounted relay cases 

on inside panel hs. " 
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In addition, 
each group of transfer switches also con- 


<< ”™ j "2 ae 


Le Ps hs 


"permits the dispatcher to keep i in contact 


with maintenance men at any station. 
Should a short cireuit or an open cir- 
cuit develop in a control line, the alarm 


_ will scurd, the “normal” lamp will be de- 


energized, and the line-supervision lamp 


will be lighted. Depressing the “reset” 


key will silence the alarm, but the “nor- 
mal” lamp will remain de-energized and 


be ve 


the line-supervision lamp will remain 


lighted until the line trouble is corrected — 
and the “‘reset”’ key is depressed again. 


If any substation-apparatus units have _ 


changed position during this time, the 
alarm will sound again as the 
key is depressed, and all changes then will — 


be so indicated eulana and in J 


numerical sequence. 


‘ 


Sivermeora Versus Direct-Wire 
Control ' 


number of eatons eee at each q 
station fully justifies the supervisory-_ 


“reset” . 


control system. The use of a single ee j 
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of wires to each remote ee as ‘con- 
trasted with direct-wire control, repre- 
sents a major saving in copper that is so 
essential in today’s conservation pro- 
gram. . ; 

The use of supervisory control has many 
operating advantages over any direct-wire 
control scheme. Supervisory control re- 
quires a minimum of space and readily 
accommodates future additions. Line 
troubles are reduced to a minimum, and 
the line wires are supervised continuously 
for open circuits and short circuits. . Pro- 
tection from induced voltages, or contact 
with power lines, is simpler to provide 
than with direct-wire control. 
visory control also accommodates voice 

‘ communication. 


Motor-Room Control 


Each mill motor-room has an oil:cellar 
' in which are located the various oil pump- 
ing systems for the bearings of the rotat- 
ing apparatus within the motor room. 
These oil cellars are accessible from the 
outside of the motor room, and will be 
under the care of an attendant. 
Because of the need for heating of the 
lubricating oils under certain conditions 


__and the intricacy of the system of valves 


required, it was not considered feasible to 
place the oil-cellar parupiicet under Buper 
visory control. 


No action will be taken toward starting | 


of the motor-room equipment until the 


_ oil-cellar attendant reports all oiling sys- * 


tems ready for operation. 

Preparatory to starting the main motor- 
generator sets, the dispatcher will dis- 
connect all space heaters. These heaters 
prevent moisture condensation on the ma- 
chine windings during shutdown. Next 
he will start all fans and auxiliary exciter 
sets, My; 


He then will start the flywheel motor- 


generator set, which will accelerate auto- 
matically under slip-regulator control. 
After the unit reaches normal speed at no 
load, a relay is energized which notifies 
the dispatcher that the set is ready for 
mill operation. This relay also sets up a 
permissive circuit to the control pulpit in 
the mill and lights a lamp which indicates 
to the mill operator that the mill is ready 
for his control. 

The synchronous motor-generator sets 
in the plate and structural-steel mills also 
are started by the dispatcher, and will 
accelerate under automatic control. Re- 
actor starting is utilized for these sets. 
Having reached maximum speed with the 
reactor in circuit, the field is applied auto- 
matically to bring the motor up to syn- 
chronous speed. At this point the start- 
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Super- 


_ ing ‘reactor natematesiion is Ae 
cuited. Through an interlock on the field 


switch the dispatcher is notified that the 
set is up to speed. ihe 

In case protective devices indicate ap- 
proaching trouble, such as overheated 
bearings, the pulpit operator may clear 
his rolls of steel before the affected power- 
supply units are shut down. 

Local interlocking is provided in each 
mill motor room to insure against appara- 
tus units being started in any but the 
proper sequence. A synchronous or fly- 
wheel motor-generator set cannot be 
started until its associated exciter sets are 
in operation. The flywheel set, which is 
equipped with a wound-rotor driving 
motor, cannot be started unless its liquid 


slip regulator is in the resistance-all-in 


Figure 3. Typical supervisory-control relay 
‘and control-escutcheon assembly _ 


position, Furthermore, dynamic braking 
of this same set cannot be applied unless 
the regulator is again in the resistance-all- 
in position and the motor primary breaker 
is open. 


- 
e 


Regulator Control for the 
- Structural-Steel Mill 


The synchronous motor-generator set 
for the structural mill is equipped with an 
automatic power-factor or reactive-kilo- 
volt-ampere regulator, which can be cut 
into and out of service by supervisory 
control, A similar regulator is provided 
for the two synchronous motor- -generator 
sets in the plate mill. The dispatcher is 
provided with supervision of the latter 
regulator; that is, he has indication of 


whether or not it is in service, but he 


cannot control it. 


With all mills operating normally, the 


plate-mill synchronous motor-generator 
sets will be under automatic-regulator 
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- excitation also will be set at the 


_ breakers through electrical interlocking. 


[ Feotnt 
lator will be cut out of se 
synchronous unit will op : 
full-load excitation value. 

When the plate-mill regulat 
out of service (by manual contr 
regulator), then the structural 


the plate-mill synchronous un 
ated without regulator com 


value. 


No-Alarm Feature toe 


To complete his picture of o 
conditions in the mills, the disp 
provided with supervision but no 
of certain apparatus units dir 
trolled by the mill operator. ” 
gpclndes such eee as the scale C 


ers on the ine ait 
motor- toy sets. 


iduned or the ae eee 
we eae? prisbs: nort 


are not accompanied by 
as is the case on other superv 


e > ~ 


Miscellaneous’ >upenia 


Continuity of power Ape to 
in all stations is supervised contin 
through the medium of bus-vo 
lays. This feature indicates whe 
not a given bus is energized, but 
indicate the actual bus voltage. I 
tion of any station annunciator s 
ported immediately by supervisory — 
trol. Y 


Rectifier Control 


é 


In placing a rectifier in service by 
supervisory control, the dispatcher mu 
first close the a-c breaker and then 1 
positive and negative d-c breakers. _ Ele 
trical interlocking is provided to. prevent 
the reverse sequence of operation. : as 

Shutdown of a rectifier may be accor 
plished by tripping the a-c breaker, whic 

_in turn will automatically trip the d- 


If desired, the d-c breakers and then the 
a-c breaker may be tripped independen Vy 
in that sequence, | ; 

Closing and tripping of both the posi- 
tive and negative d-c breakers for a giv 
rectifier are combined on the same sti 
visory control point. Supervision of 
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_ equipment will permit. 


- value by the thermal device on the recti-_ 
' fier transformer.) This type of shutdown 
_ will be indicated by tripping of the a-c 


position of each such pair of breakers is 
obtained through two interlock contacts 
in series (one on each breaker), to insure 


_ that both breakers are closed when so 


indicated. 


Rectifier Protection 


Causes of shutdown of rectifiers are 
segregated into two groups. If shutdown 
is due to a temporary condition such as 
overload or reverse current, the unit may 
be restored to service safely by the dis- 
patcher as soon as the protective-relay 
‘(A very heavy 
short-time overload will be detected by 
induction-type a-c overload relays, and a 
continuous overload condition of lower 


and d-c breakers. 
On the other hand, shutdown pesuttine 
from loss of the rectifier-cooling water 


supply or from excess temperature of a 
rectifier tank or mercury-vapor pump 
probably will necessitate the attention of © 


the maintenance engineer. This type of 
shutdown will be indicated by operation 


_ of the rectifier annunciator alarm, as well 


as by tripping of the a-c and d-c breakers. 


‘mechanism. A local 


_ Thus the dispatcher can determine his 
course of action accordingly. 


‘Step-Regulator Control 


Control of the step-type regulating 


A transformer bank at the tie station to the 

utility company is also under the dis- 
_ patcher. 
at any time, and is indicated simultane- 


Tap position may be checked 


ously with control of the tap-changing 
“on position”’ in- 
dicating lamp is provided at the substa- 
tion to indicate that the regulator is on a 
definite tap position at any given time. 
The lamp indication is duplicated on the 


_ dispatcher’s escutcheon for this regulator 


‘control. 


‘ 


Tie Substation Alarm Features 


In recognition of the importance of the 
40,000-kva transformer bank which serves 
as a tie between the utility power system 
and the mill, operation of all associated 
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alarm devices is reported by supervisory 
control, Individual supervision is pro- 
vided for pressure alarm, oil-level alarm, 
oil-temperature alarm, and an alarm ‘upon 
starting of the blowers, by automatic 


‘control. 


A similar alarm is given also for low air 
pressure in the supply system for: the 
pneumatically operated 138-kv oil circuit 
breakers in the tie substation. 


Pilot Channel Supervision 


Pilot-wire relaying is utilized to protect 


the several sections of a loop-type power | 


supply for the blast furnaces. The pilot- 


“wire channel for each of these sections is 


supervised continuously by the type of 
auxiliary relays customarily used to de- 


tect short circuits, open circuits, and 


grounds. The alarm contacts of these 


relays operate through the supervisory- . 


control system to warn the dispatcher, so 
that he may promptly institute corrective 
action if trouble should develop. 


Door-Lock Supervision | 


All remote stations and mill motor 
rooms are normally unattended and the 
entrance doors-are locked. 
patcher is provided with continuous super- 
vision of each of these door locks. A 
special contact is actuated by the door- 
lock mechanism, and is independent of 
the actual door position. Thus, once the 
door is unlocked, maintenance men may 
goin and out without actuating the alarm. 

Maintenance men will be required to 
check in with the dispatcher by telephone 
when entering a remote station, and again 
when they are ready to leave. The door- 
lock supervision feature provides a final 
check to make certain the station door is 
left locked. 


Blackout- 


Supervisory control also provides a 
vital wartime feature in that the dis-. 


patcher’ can institute a complete blackout 
on a moment’s notice, In general, only 


external lighting will need to be switched ~ 
off for this purpose, as all principal units ~ 


of the project are of windowless construc- 
tion. 
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‘Operative Burdett 


a system as this by a 


changes will be relatively inf 


Moreover, troubles at any point 


time normally is allowed in which t 


The dis- | 


‘the most comprehensive system of sup: 


‘sy wh 
Wi hd ap rs 


At first thought, iy 


burden on one operator. — 
the power system is in service. 


Troubles will occur, as on any yster 
but they should be isolated in natur 


system can be recognized im 
and prompt corrective action tak 

Ample notice will be given when sta 
ing up any of the mills. Several hour 


in service all rotating apparatus in a gi 
mill motor room preparatory to rol 


steel. —— 


Conclusion 


design are still i in use dee 
N oO part - the ieee oe ae 


its mnpitaeion to sithee Te) 
the substations throughout 


tion to motor-room motor-gener: 
and associated net is is HW: : 


power-system operators. 
mated 80 per cent eater in cone 
power for this project, effected by tt 
of centralized control, represents a \ 
contribution to the war effort. r 
Centralized control has’ required ‘ 
ordinated planning and uniform prac 
throughout the project. With so ma: 
engineering firms involved in the es 
and construction of the many mill u 
this is a matter of utmost tiincriateel 


visory control yet applied to a major st 
mill, this installation will point the 
for future installations within the st 
industry. | 
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"Present D-C Kick Electric- 
Supply Systems 


H. C. ANDERSON 


ASSOCIATE AIEE 


"HE multigenerator aircraft d-c electric 

system represents an important type 
which has proved its practicability under 
military-combat conditions. Proper par- 
allel operation is maintained during ex- 
treme conditions of unequal generator 
speeds and accelerations by using an old 
but heretofore little-used method, which 
was first suggested and demonstrated 
for this application by L. W. Thompson. 


The successful. parallel operation, there- 


fore—the reliability and flexibility of the 
electric-supply system—is made possible 
chiefly by the use of voltage regulators, 
which provide for load division as well as 
voltage constancy. It was natural that 


difficulties initially experienced in service 


were not always clearly understood, and 
that the equipment and installation in the 


early stages did not have characteristics — 


which would allow the system to operate 
with its greatest capabilities. However, 
with experience and study the causes of 


these difficulties were determined and 


remedial measures taken. These changes, 
although only minor individually, when 
put into effect collectively, made for a 
considerable improvement in system per- 
formance. 
reliable system requiring less attention 
from the crew—a factor of paramount 
peportance for a military plane. This 


pcr 44-32, recommended by the AIEE com- 
mittee on air transportation for presentation at 
he AIEE winter technical meeting, New York, 
NY. V., January 24-28, 1944. Manuscript sub- 
nitted ‘November 5, 1943; made available for 
rinting December 3, 1943. 


H. C, AnpERson, S. B. Crary, and N. R. Scuuttz 
ire in the analytical division, central station engi- 
* General Electric Company, Schenectady, 
any . 


[he writers acknowledge the co-operation and 
ielpful suggestions of the following engineers of the 
Seneral Electric Company: L. W. Thompson and 
wR. Crever of the voltage-regulator-engineering 
livision, F. B. Hornby and F. M. Potter of the 
or-engineering division, and A. A. Emmerling 
the general-engineering laboratory. The con- 
ive criticism and suggestions by H. J. Finison 
ind Lieutenant Lusk of the Matériel Command, 
Ay Field, Dayton, Ohio, were greatly appre- 
ted, : ; 
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The result has been a more — 


S. B. CRARY. 


MEMBER AIEE 


manufacturers’ engineers. 


N. R. SCHULTZ 


ASSOCIATE AIEE 


improved reliability in turn contributes 


to the assignment of more functions to 
the electric system. 

The development and refinement of 
the system and its control are truly a 


product of World War II, realized and 
continually improved through the co-_ 


operative effort of Army, Navy, and 
It seems ap- 
propriate that some of the problems as- 
sociated with this unique type of sys- 
tem be discussed at this time, so that its 
inherent characteristics will be better 
understood. This paper deals with the 
type of system at present used by the 
multiengine Army type of plane. How- 
ever, results can also be interpreted for 
the Navy type of d-c system. The em- 
phasis of the paper is primarily upon the 
performance of the present system and 
not on developments now in progress, 
some of which have been or are being 
discussed in other papers. This paper is 
devoted to details of performance, the 
significance of which has been enhanced, 
not only by present military use, but 
by the possible adoption of a similar 
system for commercial aviation in the 
postwar period and for d-c systems more 
generally. 

A schematic diagram of the type of air- 
craft electric system discussed in this 
paper is shown in Figure 1. An aircraft 
generator is connected directly to each of 
the four engines on the airplane. Proper 
parallel operation is obtained by applying 
a drop of 0.5 volt at full Toad in each of the 
generator negative leads to a circuit con- 
sisting of equalizer windings in the regu- 
lators. A remote-control relay which 
opens on the flow of reverse current pro- 
vides generator switching control. 

A brief summary of six of the important 
system problems investigated includes 
load division, system-voltage accuracy, 
reverse-current relay-contactor chatter, 
heavy transient loads, generator-output 
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capacity, and short-circuit currents. 
Following this summary each of these 
problems is discussed more completely. 


Load Division 


Load division has been found to be 
affected by two major factors. These 
are circuit installation and regulator ac- 
curacy. 

The first, which is priintlig the air- 
plane manufacturer’s responsibility, re- 
quires 


(a). That the total negative lead resistance, 
between the points where the equalizer-coil 
connections are made, be equal between gen- 
erators. 


(0). 


That there be no appreciable contact 


drop (nonlinear resistance) between points 


in the negative leads where the equalizer 


_ connections are made. 


(c). That the resistance of the common lead 
for the field circuit and regulator coil of 
the regulator be small. 


Voltage-regulator accuracy, that is, 


ability to hold voltage under all load, 


engine-speed, temperature, and vibra- 


tion conditions, is important for proper — 


load division, The attention given this 
problem by the regulator manufacturers 
is resulting in continued improvements 
in regulator accuracy. 


System-Voltage Accuracy 


The necessity for accurate bus voltage 
is determined chiefly by the battery 
characteristics which allow for some varia- 
tion. The load voltage is determined by 
the voltage regulators.?'® 
the practice for Army multiengine planes 
using up to four generators to have the 
equalizer coil of a disconnected genera- 
tor left connected, resulting in a reduction 
in bus voltage. This reduction depends 
upon the number of generators discon- 
nected compared to those left connected. 
The reduction in voltage can be avoided 
by providing manual means to discon- 
nect the equalizer coils of the discon- 
nected generators. - 

Another factor which has produced 
large variations in bus voltage has been 


the continued attempts of the operators 


to balance the loads by adjustment of the 


’ voltage regulators when improper plane 


circuit installation inherently would not 
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It has been © 


. more, 


-, EQUALIZER 


allow for accurate load division for all 
conditions with one setting of the regu- 
lators. 

Transients due to starting turrets, 
landing-gear motors, and so forth are 
appreciable and may result in instan- 
taneous voltage dips of 30 per cent or 
Equipment essential to flight 
and combat should be made as insensitive 
to such voltage variations as is practi- 
cable. 


Relay-Contactor Chatter 


Relay-contactor chatter results from 


(a). Parallel operation at light load. 


(6). Generators with a rising-regulation 
characteristic (overcompounded). 


(c). Relay contactors having reverse-cur- 
rent drop-out settings which are too low. 


Contactor chatter with light system 
load probably cannot be entirely avoided. 


to be from 0 to 10 amperes with a pickup 
voltage of 26\to 27 volts. This inher- 
ently resulted in chatter under light-sys- 
tem-load conditions. 
rent drop-out band was increased to a 
band of 8 to 20 amperes reverse current 
with 27.5 volts on the pickup coil. 

With steps made to improve circuit 


installation, voltage-regulator accuracy, 


relay-contactor accuracy, generator char- 
acteristics, and, to increase relay drop- 
out settings, relay chatter was greatly 
reduced as a serious problem. 


Heavy Transient Loads 


The turret motor Amplidyne or genera- 
tor sets require some of the largest inrush 
currents of any equipment on the air- 
plane. It is important, therefore, that 
the electric supply system have sufficient 
electrical stiffness to support the bus 
voltage when the turret motor sets are 


Figure 1. Schematic diagram 
of typical four-generator air- 
craft electric-supply system — 


; POSITIVE 
BUS . 
REVERSE | : | i | i | : 
CURRENT ——> LORDS e)ay 

RELAY _ = BATTERIES 
, 200 AMPERE 


“ GENERATOR —-© 4 


RESISTORS FOR 
OBTAINING ——» 


VOLTAGE 
VOLTAGE 
REGULATORS saat Bus 
_ However, with improvements in the 


factors which affect load division, the 
relay contactor chatter at light load. has 
been reduced materially. 

A severe type of contactor chatter can 
be obtained from a generator which has 
a rising-load-regulation characteristic. 
Such a regulation characteristic will also 
tend to produce instability of voltage 
regulation during parallel operation. 
Manufacturers, in their design of aircraft. 
generators, have been careful not to ob- 


tain a rising-voltage-regulation character- | 


istic for any part of the speed and load 
range over which the generator must 
operate. This becomes a prime design 
factor and must be given proper atten- 
tion both in design and production test- 
ing in order that the generators will not 
have such a characteristic. If the genera- 


tor brushes are rotated against rotation, 


a generator although properly designed 
in this respect may have a rising char- 
acteristic such as to cause severe con- 
tactor chatter. Therefore, it is important 
for this reason also that the generator 
brushes be properly set and fixed. 
Reverse-current drop-out settings of 
the contactors had been initially specified 
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Figure 2. Regulation charac- 
teristics of 200-ampere com- 


pensated aircraft generator 


- OPEN CIRCUIT TERMINAL VOLTAGE WITH FIELD 
CURRENT EQUAL TO THAT REQUIRED FOR 
CORRESPONDING INITIAL LOAD AT 28.5 VOLTS 


INITIAL LOAD AMPERES 200 
AT 28.5 VOLTS 


started. The stiffness of the electric 


system is increased by the number of 


batteries, number of generators, and~ 


high generator speeds at the time the 
turrets are started, while the required 
amount of electrical stiffness is deter- 


mined by the amount of starting current 


required. It was found that the number 
of batteries greatly affected the amount of 
starting current that could be made avail- 
able. This is particularly true if it is 
necessary to start the turrets with some 
of the available generators disconnected. 


Accordingly, it appears that the batteries 


7 
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_ The reverse-cur- . 


sistance. The output cap 


the use of regulators having 
_ mum resistance. 


4 


rated interruption of current up to 


have a very important: 
to support the bus volt 
loads incident to turret 


Generator-Output Capacity 


Two major factors affect j 
output capacity: 


1. Generator design. ¢ e: 
2. Regulator design and circuit inst lati 


The first is determined among 
sign factors primarily by whet 
generator is compensated or 
sated. The second factor 
mined primarily by field-cire 
ance, which includes field 1 
airplane ‘and the regulator 1 


design having appreciable fi 
resistance caused by long field 1 


On the other 
load-output capacity of a genera 
be. very materially improved | 
generators of compensated desigr 
regulators having low minin 
resistance. The compensated 


three batteries is capable of if 
total instantaneous short-circuit cut 
approaching 5,000 amperes. It. app 
therefore, that the Teverse- current 


peres on more aero ihipe ve 


amperes, are not entirely adequat 


TERMINAL VOLTAGE 


LOAD AMPERES 


Figure 3. Volt-ampere choracteristid } 

200-ampere compensated aircraft genere 

Operating without voltage regulator at 2, 
\ tpm 2 


ELECTRICAL ENGINEER 


«ae 


ection is desirable, since complete re- 
ance cannot be placed on all faults to 
urn themselves clear’ without ap- 
reciable damage.. Accordingly, con- 
ideration is being given to proper cir- . 
wit-breaker protection and contactors 
f higher interrupting rating. Reverse- 
urrent circuit breakers provide an ef- 
ective method of protecting the vital 
eneration and battery supply currents. 


sonclusions 


Considerable improvement in the oper- 
tion and performance of the present 
ype of electric-supply systems for air- 
raft has been and can be coeenes re- 
lized by 


Improvements in the circuit installation. 


.. Continued refinements in the generator, 
egulator, and reverse-current relay-con- 


actor characteristics. : 


3. The useof compensated generators, regu- 
ators with low minimum resistance, and 
ircuit installation using low-resistance field 
eads. 


|. The use of directional protective break- 
Ts Or switches in the battery and generator 
ireuits. 


Aircraft D-C Generator 
_ Characteristics | 


@). GENERATOR-REGULATION 
CHARACTERISTICS 


Since the generator-regulation char- 
icteristic depends to a great extent on 
wush setting, it is important that 
rushes be set correctly in order to avoid 
| tising characteristic which may result 
n instability in parallel operation and 
evere contactor chatter (also possible 
stability when connected to a battery). 
otation of the brushes in a direction 
pposite to machine rotation tends to 
roduce a rising characteristic. 

Figure 2 illustrates a typical regulation 
haracteristic as determined by labora- 
ory tests on a compensated 200-ampere 


Figure 4. Self-excited 
short-circuit characteris- 
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aircraft generator, at 2,500 and 4,500 


rpm. The ordinate is the open-circuit 
terminal voltage obtained with field 
current required for the load indicated 
on the abscissas at 28.5 volts. This 
voltage, therefore, corresponds to the 
machine internal voltage for the given 
load condition. If the curves are as 
shown by the full lines of Figure 2, the 
generator is said to have a drooping « har- 
acteristic at all loads, that is, the ter- 
minal voltage drops with increase in 
load at constant field current. If a 
_generator has a characteristic as shown 
by the dotted line, it has a rising char- 
acteristic at light load; that is, the ter- 
minal voltage rises with increase in load 
at constant field current. Such a genera-. 


tor may cause severe contactor chatter, “ 


resulting in failure of the contactor, and 
also cause instability in parallel opera- 
tion during light loads. 


(0). Spi¥-Excirep GENERATOR VOLT- 
AMPERE CHARACTERISTIC 


Figure 3 illustrates the general shape 
of the volt-ampere characteristic for a 
self-excited d-c generator operating with- 
out a voltage regulator. The field re- 
sistance is held constant at a value which 
gives approximately rated current at 
rated terminal voltage. The maximum 
current available depends on generator 
speed, excitation, brush setting, tem- 
perature, and commutation limitations. 

At a generator speed of 4,500 rpm, it 
has been found that the volt-ampere 
characteristic has about the same shape 
and proportions as that for 2,500 rpm, 
when the field rheostat is set for rated 
load at rated terminal voltage. When a 
voltage regulator is used, however, the 
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maximum current at high speed exceeds 
that at low speeds because of the lower 
excitation requirements at higher speeds. 


(c). SELF-ExciTED SHoRT-CiRcUIT 
CHARACTERISTIC 


Because of the relatively fast time con- 
stant of the armature circuit, the genera- 
tor short-circuit current rises rapidly 
to its maximum value and decays to a 
sustained value at a rate determined 
principally by the time constant of the 
generator field circuit. c 

For a given generator speed and ex- 
citation, the maximum initial value of 
short-circuit current occurs for a dead 
short circuit at the generator terminals. 
This, however, does not give rise to the 
maximum value of sustained current. ~ 
The fault resistance which will result in 
the largest value of sustained current 
may be determined from the sci 
volt-ampere characteristic. 

A typical 200-ampere generator hers 
circuit characteristic as obtained with an 
oscillograph is shown in Figure 4. Spe- 
cific values indicated on the curve are 
characteristic of a compensated 200- — 
ampere aircraft generator operating at 
full load previous to the short circuit. 
If the generator is assumed to supply 
full load at rated voltage before the ap- 
plication of the fault, the initial value of 
the short-circuit current is practically 
independent of the generator speed. 


400-450 


LOAD IN AMPERES 

_ Figure 6. Wolt-ampere characteristic of 200- 

ampere compensated aircraft generator operat- 
ing with voltage regulator 


The sustained value of short-circuit cur- 
rent depends on the fault resistance, the 
generator speed, and the operation of the 
voltage regulator. The sustained cur- 
rent may be increased appreciably by 
operation of the voltage regulator; in 
fact, for relatively high values of fault 
resistance and generator speeds, it is 
possible for the sustained short-circuit 
current to exceed the initial value. 


(d). COMPENSATION AND ITS EFFECTS ON 
GENERATOR PERFORMANCE 


* D-c aircraft generators must have a 
drooping load-regulation characteristic to 
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allow for stable operation under voltage- 


regulator control and to minimize relay- 


contactor chatter. On the other hand, 
a generator with a large droop will not be 
capable of as great an output under 
heavy-overload conditions. One of the 
most efficient ways of controlling the 
amount of droop is by the use of com- 
pensating windings. This has several 
very desirable effects. 


1. Under emergency-overload conditions, 
the generator is capable of sustaining a much 
greater load than would be the case if it 
were uncompensated. Thisis of value under 
sudden-transient-load conditions, particu- 
larly when some of the generator capacity 
(on a multigenerator system) is discon- 
nected. Also the use of compensated gen- 
erators allows for the starting of higher 
starting-current loads and results in higher 
starting torque and greater acceleration of 
the load. This maybe evaluated also in 


terms of obtaining better performance under ~ 
emergency conditions with a reduced num- 


ber of generators or batteries. Both of 
‘these are important from the standpoint of 
weight and reliability of operation. 


2. The compensated machine allows for 


better commutation at higher loads and 
under short-circuit conditions. The proper 
short-circuit protection of an airplane makes 
it desirable that, with the occurrence of a 
system short circuit, none of the generators’ 
commutators flash over. 


3, A compensated machine, because of its 
reduced requirement for change in field cur- 
rent under overload conditions, is not af- 
fected so adversely as the uncompensated 
machine for high field-circuit resistance as- 
sociated with long field leads or with regu- 
lators having high minimum-field resistance. 


4. The compensated machine as compared 
with the uncompensated machine can be 


made to have a greater current output at - 


- the very low voltages, those associated with 
system short circuit, or very heavy over- 
_ loads, which allows for more positive selec- 


tivity and simplicity of the short-circuit . 


protective equipment. 


It is a primary system-design chat: 


acteristic for multiengine airplanes’ to 
provide an amount of generator compen- 


20.5 |& 


TERMINAL VOLTAGE 


200 . 800 
LOAD IN AMPERES 


Figure 7. Volt-ampere characteristic of 200- 


ampere compensated aircraft generator operat- * 


ing with voltage regulator and battery 
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REVERSE CURRENT 


chines isabout 60 amperes. 


sation in order to obtain the maximum 
output of the generators under all sys- 
tem-operating conditions and at the 
same time to allow for proper stable 
parallel operation under regulator con- 
trol. Both generators and regulators 
can be so designed to meet the optimum- 
system-performance characteristics de- 
sired. 

The general shapes of the volt-ampere 
characteristics for compensated and un- 
compensated machines of the same rating 
are shown in Figure 5. It will be noted 
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| | Loao 
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Figure 8. Connections of single-generator | 


aircraft electric-supply system 


Figure 9. Circuit 
and relay re-' 
verse -current 
characteristics 
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that the difference in peak current for the 


uncompensated and compensated ma- 
Foraconstant 
resistance load of 0.067 ohm, as shown in 


_ Figure 5, the compensated machine will 


deliver approximately eight kilowatts, 
while the uncompensated machine will 
deliver approximately four kilowatts. 


Characteristics of Aircraft 
Generator With Voltage pia 


Beeatise of the wide ranges. in speed 
and load to which an aircraft generator 
must be subjected and the different types 
and ratings of generators which may be 


used, a voltage regulator with a relatively. 


large range of resistance must be em- 
ployed. 
The field resistance of the generator is 


varied by a direct-acting voltage regu-— 
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‘ ance drop between the bus and the po 
at which the voltage is being regulate 
At points B and B’, the voltage ie or 


_of regulator resistance is not absolute 


_ BO and B’O, then, correspond to 
mum field resistance. 


system, the volt-ampere characteris 


SE tag ee er oy £2 


Wr, 
iator: 2.3 which gee only | after 
terminal voltage has reached the © 
limit of the regulator setting, ab 
volts. The regulator has a mag 
circuit energized by a winding througt 
diluting resistor from the voltage 
generator being regulated. Th 
set. up by the magnetic circuit is bi 
anced against an adjustable calibra tin 
spring. A second winding on the 
lator is used to accomplish load | equa 
zation during the parallel operation 
two or more generators, : 

When the generator is operated w 
a voltage regulator, the volt-ampere char- 
acteristic is similar to that shown 
Figure 6. Curve CBO is for the 
speed of the generator, 2,500 rpm. | 
CB’O is for a higher generator speed 

The portions of the curves CB an 
may have a slight droop caused b 


becomes essentially inoperative, havi 
reduced its variable resistance to a m 

mum value. When a compression t 
of regulator is used, the minimum 


constant but is a function of the generat 
terminal voltage. The parts of the cur 


The value 
at which the regulator becomes i 
tive increases with increasing gene . 
speed because of the reduced excita 
requirements. 4 
Characteristics of a System - ag 
Consisting of One Generator 
With Voltage Regulator, Rever 
Current Relay, and One Batt 


(a). Vort-AMPERE CHARACTERISTICS q | 


“When a 24-volt battery i is added to 


is similar to that shown in Figure 
At a value of load corresponding to p 

B or B’, depending on the speed, t 
voltage’ ‘hebwletnes become essentia 
inoperative, having reduced the varia 
field resistances to minimum valu 


J Table | 
Number of - Number of System’ 
Generators Generators Drop Due 
in the Out of to Dead | 
System Service _ Equalizers. 
VA namin: Lita ectser ame 2:2 
bi ee ana plik 
LRT Bet a or Ne Men, co, 2.2 
OS lg a aan a 3.3 
Barrer gsc tirhs 
2 .- 1.46 
RRS Ris BS eavtireetectoe 22, 
Ac athe een 
RS aR 3.67 


Point A represents the battery short-cir- 


cuit current, in this case 800 amperes. 

The battery tends to produce a “‘stiffer”’ 
system than would be obtained with a 
generator alone; this factor is especially 
important in supplying heavy shock 
loads such as motor starting. Since the 
ampere-hour rating of aircraft batteries 
is quite small, however, it is not in- 
tended that they be called upon to supply 
heavy continuous loads. 


(6). REVERSE-CURRENT-RELAY 
CHARACTERISTICS 


- Generator switching control is ob- 
tained by means of an automatic relay 
which is set to close at a predetermined 
generator voltage and will open upon the 
flow of current from the battery to the 
generator.2** The reverse-current relay 
consists of a pilot relay and contactor 
mounted on the same base. The calibra- 
tion for pickup voltage is made by ad- 
justing the spring tension on the pilot 
telay. A heavy coil mounted on the 
pilot relay carries the generator current 
and opens the relay when the flow of cur- 
rent reaches a preset value in a reverse 
direction. When the pilot relay closes, 
the main contactor coil is energized, 
and the contactor closes, connecting the 
generator to the bus. Figure 8 shows the 
connections of the generator regulator 
and relay and their associated circuits. 
Normally the relay is set to close 
between 26 and 27 volts. As the generator 
‘comes up to speed with the pilot’s con- 
trol switch closed, the terminal voltage 
teaches a value equal to the pickup 
voltage of the relay, and the relay closes. 
The bus voltage, if other generators are 
on the bus, is normally 28.5 volts, which 
will cause a current to flow in a reverse 
direction through the relay. Hence, there 
is a possibility of obtaining enough re- 
verse current.to open the relay, after 


which it will again close because of the | 


voltage impressed upon it. These opera- 
tions continue, and the relay chatters. 
This condition may cause a substantial 
shortening of the relay life. Figure 9 
shows how this condition is materially 
improved by raising the reverse-current 
drop-out value or the pickup voltage. 

In Figure 9, the curves marked “relay 
characteristic’ indicate the amount of 
reverse current necessary to open the 
relay at a given bus voltage (or 
relay-coil voltage) for two relay pickup 
adjustments. The ‘“circuit-characteris- 
tic” curves show the amount of reverse 
current which the circuit will deliver at 
a given bus voltage when the relay pickup 
voltage is less than the bus voltage. 


_ For the particular relay characteristics _ 
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Ms 


shown in Figure 9, the relay will not 


_ chatter when set to pick up at 26 volts 


so long as the bus voltage before closing 
is less than 27.5 volts. If the relay is 
set to pick up at 27 volts, it will not 
chatter so long as the. bus voltage before 
closing is Jess than 28.75 volts. 

In normal operation there is a possi- 
bility that a relay set at 26 volts will be 
made to close on a bus of 28.5 volts. If 


the relay had characteristics as shown in _ 


Figure 9, it would chatter badly if the 
pickup voltage were set below 27 volts. 
However, if the point A were made to 
be to the right of the ordinate erected 
at 28.5 volts, the relay would not chatter. 
With higher reverse-current drop-out 
values the intersection A can be moved 
farther to the right, and the probability 
for relay chatter of the type discussed 


can be considerably reduced. The fore- 
3 


Figure 10. Effect of field-cir- 
cuit resistance on compensated 93 
and uncompensated 200-am- 
pere aircraft generators operat- 

ing at 2,500 rpm | 


wo 


rfe=field-circuit resistance ex- 
ternal to field winding 


TERMINAL VOLTAGE _ 


the equalizer winding in the regulator of 
the incoming generator will become ef- 
fective in loading the generator. a 

If a generator has a rising voltage char- 
acteristic (series cumulative field effect) 
the circuit reverse-current characteristic 
will be steeper, and the relay will have a 
greater tendency to chatter, because it 
takes much less voltage difference be- 
tween the terminal voltage and the 
open-circuit bus voltage to produce a 


large amount of reverse current. (The - 


intersection A on Figure 9 would be far- 
ther to the left of the 28.5-volt ordinate.) 
Relay chatter due to this cause, there- 
fore, cannot be avoided unless the in- 
cremental generator regulation is droop- 
ing. t 
Another cause of relay chatter is 
parallel operation with very light loads on 
the system, aggravated by voltage-regu- 
lator inaccuracies and unequal paralleling 
resistors in the negative leads of the 
generators. Under these conditions dif- 
ferent voltage-regulator adjustments are 
required to balance the generator currents 
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COMPENSATED 
MACHINE 


at each loading. Accordingly, if the 
regulators are adjusted for load balance 
at an appreciable system load, they wil! 
be unbalanced at other loads. At light 
load this unbalance may result in suff- 
cient reverse current in some generators 
to eause relay chatter. Proper operation 
requires that the paralleling resistors in 
the generator negative leads be equal. 


(c). Errect oF FreLp-Circuit RESISTANCE 


As would be expected, the maximum 
output of a self-excited d-c generator 
for aircraft is determiued to a consider- 
able extent by the field-circuit resistance 
external to the field itself. Figure 10 
shows the effect of resistance external to 
the fields of a compensated 200-ampere 


200_AMPERES 


1) 
2 
o 


TERMINAL VOLTAGE 


LOAD GURRENT ra | 
IN AMPERES i uh CURRENT ta ul 
‘ Qu 
= 3| AMPERES | 3 3} 
ae, siecle Re gia 319 gt 
going analysis applies for conditions of al als a 
very light loads. If the system is sup- + a bs BP ; 
plying some load, the probability of this ; 
type of chatter is greatly reduced, since generator and an uncompensated 200- 


ampere generator. Values given in this 
figure are indicative of orders of magni- 
tude. These characteristics show the 


- reduction in maximum output caused by 


tr, the field-circuit resistance external 
to the field winding. It is important, 
therefore, in evaluating regulator per- 


formance, to determine the minimum 


resistance of which the regulator may 
be capable when operating with a given 
generator. 

Not only is the output of the generator 
reduced for higher values of field-circuit 
resistance, but with a 0.75-ohm increase 
in the field-circuit resistance, the mini- 
mum generator speed at which the regu- 
lator begins to control is increased by 
about 120 rpm when the regulator is set 
for 28.5 volts. Increasing the minimum- 
field resistance by 0.75 ohm increases the 
generator speed at which the reverse- 
current relay picks up by about 150 rpm 
with a 26-volt pickup setting of the relay. 
These values are representative of a sys- 
tem using generators having 2 to 3 ohms 
field resistance. 
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(d). Cinmnarte CooLInG 


Insufficient cooling of generators will 
have a pronounced effect on their maxi- 
mum output, from the standpoint of 
increased . field resistance, as well as 
from the standpoint of increased arma- 
ture resistance. When the generators 
are operating at full load at a low to 
medium speed, the regulators are in- 
serting very little resistance into the 
field circuit. The field-circuit resistance 
is then largely the resistance of the field 
itself. In reference to Figure 10, it can 
be seen that an increase of 0.1 ohm in the 


POSITIVE 
Ro BUS 


Geld Bivenit resistance causes decreases _ 


of approximately 7.5 amperes and 14 
amperes in the peak outputs of compen- 
sated generators and uncompensated 
generators, respectively. A ten-degree- 
centigrade rise in field temperature will 
produce approximately a 0.l-ohm in- 
creasé in field resistance. From the fore- 
going, it can be said that from the stand- 
point of increase in field-circuit resistance 
alone, the effect of temperature rise on an 
uncompensated machine is approxi- 
mately twice that on a compensated ma- 
chine. At heavy loads each’ ten-degree- 
centigrade rise in temperature will de- 
crease the maximum output of an un- 
compensated machine approximately 14 
amperes.’ For ‘the compensated ma- 


chine the decrease will be ant 7.5 
oes eniperes: 


fi iiosnerator Systems 


| (a). DESCRIPTION | 


- Four generators are operated in parallel 
as shown in Figure'11. Each regulator is 
provided with an equalizer winding which 
is ‘wound in a direction such as to com- 
pensate for the unbalanced load between 
generators. Equalizer potential is ob- 
tained by using the drop in resistors of 
equal value in the negative leads of the 
generators. Regulators are usually in- 
stalled in the fuselage of the airplane 
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/ 


where they can be readily adjusted. 
Relays are generally installed close to 


the engine-driven generators in the 1 


nacelles. Batteries connected to the 
main d-c bus are located in the fuselage. 


(b). PARALLEL OPERATION AND Loap 
DIVISION 


1. Unbalances Due to Circuit In- 
stallation. In reference to Figure 11, 
an elementary sketch of a four-engine air- 
plane electrical system assumed to be 
symmetrical about the load, R, and Ry 
are positive-lead resistances; Rs and Rg 


/ 


Figure 11. Connec- 
tions of four-genera- 
tor aircraft electric- 

supply system 


are negative-circuit resistances set up by 
the bonding of the negative leads to the 
structure of the airplane and the struc- 
ture of the airplane itself; R; and R, 
are equalizer-lead resistances; r, is the 


resistance of the equalizer coil; r, is the — as : .& 
- example, it is obvious that an undesira 


resistance of the equalizer shunts; J), 


I», Is, and I, are the currents supplied by © 


the generators; 
current. 

If it is assumed that the identical 
voltage regulators have equal no-load 
settings, analysis of the aforementioned 
system indicates that load division is 
affected primarily by the shunt and 


and J is the total load 


' ground resistances, r, and R; respectively. 


If the various shunt resistances are equal, 
that is, if r4=fe=s=Ts=7,, and if the 


voltage-regulator no-load settings are 


equal, the load division may be written 


approximately in terms of the following — 


equations: 

h=h, (1) 
=k (2) 
dy oa Rlglee ols ; 
sae (3) 


a(at) | 
Ys 


From equation 3, it may be seen that 
if Rs and r, are equal, machines 1 and 4 
will each supply only one sixth of the 
total current instead of one fourth of the 
total which is desired. (Machines 2 and 
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_ gible resistance to the flow of curre 


_ tain maximum possible output from 


-Jators were set at 29 volts. This differ - 


_ Service While the Corresponding Equal 


that the effect of a “‘dead’’* equalizer coil 


in tite noes eee R nec 

sary to improve load division. te is 
been found that the unbalance in t 
Wipe. leads, R3, is due to two t 


If care is taken to make the neg: 
leads of equal resistance and to gro 
the leads to a heavy portion of the 

plane structure, Rs becomes negli 
(Byes) and the balance under load 
materially improved. If perfect lo d 
division were required, it would be : neces. 
sary to balance the positive- ead 
sistances, R;, the equalizer-lead resi 
ances, and the regulator leads from 
generator to the regulator coil. E 
ever, the effect on load division of 
balanced resistances in these leads 
second order. Their resistances, particu 
larly those of the field leads, should 
kept as low as possible in order to 
generators. 5] 

2. Unbalances Due to- Voltage : 
lators. In addition to wunba 
in load division due to the airplane 
cuits, considerable load unbalance c 
result from differences in voltage- 
lator settings as small as +0.5 volt. 


current unbalance would exist if the re 
lators on the outboard generators w 
set at 28 volts, while the inboard 1 


ence in voltage-regulator settings 
result in load unbalances as high as 
amperes (in systems employing an eq 
zer shunt voltage drop of 0.5 volt a 
amperes) independent of unbalances 
to unbalanced circuit resistances. _ . 
_ Variations from one regulator to at- 
other, as regards the ability of the 1 
lator to hold voltage under all conditi 
of load, generator speed, and tem 
ture will introduce additional unbalane 
in load division. 

3. Effect of Removing Generators Fi 


Coils Remain Connected. It has b 
found by calculation and from test dat | 
or coils, upon load division is of secondary 
importance, 

Dead equalizer coils, however, tend 
reduce the system itera Both te 


* An equalizer coil which remains connected to tk 


system after its generator has been removed fro c 
service. 
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and calculations indicate that, with the 
present voltage regulator using an equal- 
izer shunt voltage drop of 0.5 volt at full 
load, the drop in system voltage, assum- 
ing that all equalizer coils remain con- 
nected and that the generators remaining 
in service are fully loaded is shown in 
Table I. 

For systems which make use of a 
greater equalizer shunt voltage drop, the 
drop in system voltage due to dead equal- 
izer coils will exceed the values indicated 
in Table I. 


(c). VoLT-AMPERE CHARACTERISTIC 


A typical curve of bus-voltage versus 
load current for a four-generator system is 
as shown in Figure 12. This system in- 


8-12 


BUS VOLTAGE 


LOAD IN AMPERES 
Figure 12. Volt-ampere characteristic of four- 
_ generator aircraft electric-supply system 


za Generators operating at 2,500 rpm 


cludes voltage regulators and a battery. 


The portion of the curve CB has a slight 
‘droop with increasing load because of 
resistance between the bus and the points 
at which voltage is being regulated. 

At point B the voltage regulators have 
reduced their variable resistance elements 
to the minimum ohmic values and are, 
therefore, essentially inoperative for the 
portion of the curve BA. Point A rep- 
resents the value of short-circuit current 
contributed by the battery. 

The effect of the battery, or batteries, 
is to produce a “‘stiffer’’ system, that is, 
to increase the maximum number of 
amperes available. This factor becomes 
important in the case of shock loads 
such as turret starting, and so forth. 
Shock loads should not be of such a re- 
sistance as to result in a collapse of sys- 


tem voltage. Curve A’BC is similar to 
Table II 
; Approximate 
Number of Number of Maximum 
-200-Ampere 24-Volt Sustained Fault 
_ Generators Batteries Current in Amperes 
YOR ogi hee Sa ge dpa tatien sat aah 3,400 
Dies BS ide cred Bivacnaithieaarere 3,000 
Diaconate’ sites Ensen nr mene 2,500 
evita RS ae ee 38% Hee, aipMacysal tits ala 2,800 
fi Ra ee Dl ccaaat & see eat eee 2,400 
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curve ABC, except that the system in- 
cludes three batteries rather than one. 


A comparison of the two curves illustrates 
the additional “stiffness” obtained by 


‘adding batteries to the electric system. 


For higher generator speeds, the maxi- 
mum cutrent available will.exceed the 


_ values indicated in Figure 12 and will 


occur at somewhat lower voltages. The 
upper limits on maximum currents at 
high generator speeds will be governed 
by commutation, compensation, and 
saturation characteristics of the genera- 
tors. It is quite possible that, with three 
batteries and generator speeds of 4,000. 
rpm, currents as high as 4,000 amperes 
may be obtained. 


(d). 


One of the most severe transients ex- 
perienced on the electric system of mili- 
tary airplanes is caused by the starting of 
a turret motor Amplidyne or motor 
generator set. Figure 13 shows the varia- 


TRANSIENT LOADING 


B-32-12 


3 ¢2 GENERATORS |_| 
2 BATTERIES ical 


S2=2EhRe 


_ A&4 GENERATORS 
2 BATTERIES 


Natepe aw 
Pee 2 GENERATORS 
= TT LL C(O BATTERIES 
State eta sae ee 
Ser Lite ae ee 


0.32 


BUS VOLTAGE 


aaa 


0.16 0.24 


TIME — SECONDS 


9) 0.08 


Figure 13. Bus voltage transient when motor 
Amplidyne set is started on an_ aircraft 
i electric system 


Generators operating at 3,000 rpm 


BUS VOLTAGE 


ce) 0.04 


0.08 0.12 
TIME— SECONDS 


Figure 14. Bus voltage transient when landing | 


gear is raised on four-generator aircraft electric 
system 


Generators operating at 3,000 rpm. Three 


batteries on bus 


tion in d-c bus voltage when a motor 
Amplidyne set is started on a four-engined 
airplane equipped with carbon-pile gener- 
ator-voltage regulators. These transients 
were replotted from oscillograms taken 
during test flights. 

The effect of the removal of generators 
and batteries from the supply system is 
clearly shown on the curves. A con- 
venient basis upon which to compare 
different recovery characteristics for a 
constant loading condition is the area 
under the curves in volt-seconds. On 
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this basis a relatively small area would 
correspond to a quick recovery and a 
small initial disturbance. For Figure 13 
the following comparisons may be made: 


Case System Conditions Volt-Seconds — 
Aine sone: 4 generators, 2 batteries....... 0,12 
0S Reyes ae 2 generators, 2 batteries....... 0.52 
CoA eae 2 generators, 0 batteries....... 1.21 


Figure 13 and the preceding tabulation 
show clearly the effect of the loss of © 
generators and batteries on the system 
transient characteristics. 

Another severe transient load is that 
of the retraction of electrically operated — 
landing gear. Figure 14 shows the varia- 
tion in bus voltage when the landing gear 
of a four-engined plane is retracted. 
Actually the gear requires 20 to 30 sec- 
onds to retract fully. Figure 14 shows 


- the initial transient, which is followed by 


a comparatively steady-state load of 
about 300 amperes of 20 to 30 seconds 
duration. 

A 500-ampere resistance load suddenly 
applied to the system will cause a bus- 
voltage variation similar to that shown 
in Figure 15. Figures 14 and 15 are 


- replots of oscillograms taken during actual 


flight tests on an airplane with four 
generators and three batteries supplying 
the electrical power. a 


(e). SHort-Circurr CURRENTS 


Both test and analytic studies of a 
typical multigenerator electric-power-sup- 


' ply system indicate, as shown in Table 
II, approximate values of maximum sts- 


tained* short-circuit current as a fune- 


F- 32-15, 

Bm ww 

seb ia REE TS Rmen:| 

Ceay sees EEE 

Co eeeer Te 

Necano aero TTT 
Prt ele eae 

Ps EI a a es 


lo} 0.02 . 0.08 


BUS VOLTAGE 


0. 
TIME— SECONDS - 


Figure 15. Bus voltage transient when 500., 
ampere resistance load is suddenly applied to, ~ 
a four-generator aircraft electric system 


Generators operating at 3,000 rpm 


tion of system generating capacity (as- 
suming that there is no motor load on the 
system): ; 
With four 200-ampere generators and 
three 24-volt batteries in service, the ap- 
proximate maximum value of reverse 
current (sustained) through any re- 


* “Sustained”? short-circuit current is herein de- 
fined as that short-circuit current which can be 
maintained for a few seconds rather than a period 
of minutes. 
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verse-current relay is 3,000‘ amperes. 
This condition can occur when the short 
circuit is located between a generator and 
its corresponding reverse-current relay. 
In general, the magnitude of short 
circuit is dependent chiefly on the fault 
resistance and the number of generators 
and batteries in service. That is, for a 
given value of fault resistance and for a 
given number of generators and batteries 
im service, the short-circuit current has 
about the same value for a fault at any 
point in the supply system. The magni- 
tude of short-circuit current also de- 


FAULT GURRENT in AMPERES 


0.035 


0.001- 
; 0.002 : 
FAULT RESISTANCE IN OHMS 


0.015 


Figure 16. Fault currents on a four-generator 
alreralt electric system as a function of fault 
resistance 


Three batteries in service. 


_ pends to some extent upon the speed of 
the generators. Table II was calculated 
on the basis of a generator speed of 3,200 

£pm, assuming characteristics similar to 

_ those of a generator rated 5.7 kw, 28.5 

volts, 200 amperes, 2,500/4,500 rpm, 

with commutating and compensating 
windings. Test results on this type of 
generator indicate that the short-time 
volt-ampere characteristic at 3,200 rpm 


is #epresentative of the maximum sus- 


tained short-circuit current which the 
' generators can deliver for a few seconds, 
even though the generator speed is 
higher than 3,200 rpm. Since both test 
and calculated results indicate that un- 
compensated .generators produce ap- 
preciably less current at the low voltages 
encountered during short circuits, it is 
expected that the numerical results 
presented in Table II represent the maxi- 

mum values of short-circuit current 
which may be expected. 


' 
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-at high generator speeds. 


For a fault on a wing junction box, 
the fault current as a function of fault 


resistance is shown in Figure 16. For. 


faults at the various generators and 


nacelle junction boxes, the results are 


mutch the same as shown in Figure 16. 

Test and calculated data indicate that 
only for extremely small values of fault 
resistance does the initial short-circuit 
current exceed the sustained value. This 
is shown in Figure 16. At low generator 
speeds, however, the initial value is more 
likely to exceed the sustained value than 
The initial 
short-circuit current decreases with fault 
resistance, as shown in Figure 16, and 
becomes practically equal to the sus- 
tained value for fault resistances in ex- 
cess of 0.001 to 0.002 ohm. The initial 


value is also a function of system loading 


prior to the fault, increasing somewhat 
as the system load previous to the fault 


4s increased. In general, it is expected 


that the fault resistances actually en- 
countered in practice will be of the order 


of magnitude to result in short-circuit 


currents having about the same initial 
and sustained values. Oscillographic 
records obtained on a laboratory test 
setup tend to confirm this conclusion. 
For this reason, the preceding explana- 
tion has been confined to sustained short- 
circuit currents. 

Figure 17 illustrates the typical short- 
circuit-current characteristics as obtained 
by means of an oscillograph. The values 


‘indicated on the figure were obtained 


with four 200-ampere generators and 
three 24-volt aircraft batteries in service 
and correspond to fault resistances of 
0.006 ohm and 0.001 ohm. 

It may be seen from Figure 17 that 
even when the initial short-circuit current 
exceeds the sustained value, the initial 
transient is very short. It is thus im- 
probable that the operation of most 


protective devices would occur before the 


sustained value of current was attained. 


(f). REVERSE-CURRENT PROTECTION OF © 


GENERATOR AND BATTERY CIRCUITS 


The short-circuit currents for faults in 
the generator and battery circuits may 
vary over a large range of- values de- 
pending on the fault resistance and 
operating conditions prior to the fault. 
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. AIRCRAFT GENERATORS, L. W. Thompson, 


. 3. ArRcRaFT VOLTAGE REGULATOR AND CUTO 


5. Exvscrric-Circurrs BuRNING-CLEAR AND I 


neta for a given fault, cae sI cir 
currents contributed by the rio 
generators are nearly equal. lif 
culty, then, in obtaining adequate shor 
circuit protection with devices utili: 
current magnitude only is obvious. 
It is apparent, however, that fo: 
given fault in the generator or bat 
circuits, the direction of current flo 
the faulted circuit element is oppost 


the normal direction of flow. Th 


reverse-current circuit breaker or 
to clear the fault. 


FAULT CURRENT 
'N AMPERES 


ee 


° 


0.004- 
~ 0,005 ; 
TIME IN SECONDS 


Figure 17. Short-circuit characterlatic 
four-generator aircraft electric rvsten 


of 
| 


ihren batteries 4 in service 


It is believed eats a joe 1r 
circuit breaker is fundamental to 
reliable protection of generator a 
battery circuits. 
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Heating of Nonmagnetic Electric 


Conductors by Magnetic Induction— 


Longitudinal Flux 


R. M. BAKER 


MEMBER AIEE 


EAT can be generated in a piece of 
metal or other conducting material 

by wrapping a coil around the piece, such 
as the cylinder shown in Figure la, and 
causing a current of suitable magnitude 
and frequency to flow into the coil. This 
is called “induction heating.” The great 
advantage of this type of heating is that 
the heating can be accomplished without 
contacting the piece to be heated. This 
allows the heating to take place while the 
piece is moving or enclosed in a protective 
atmosphere. Also, the heat usually can 
be concentrated just where it is needed, 
and a piece usually can be heated faster 
by induction than by any other method. 
The desirable frequency to use for induc- 
tion heating depends on the size and the 
electrical properties of the piece to be 
heated and may vary from 25 or 60 cycles 
per second for heating joints in iron pipes 
to a few million cycles per second for 
heating very small nonmagnetic pieces 
for soldering. Frequencies up to 10,000 
eycles per second are obtained usually 
from rotating machines; for higher fre- 


quencies one must resort to spark or. 


vacuum-tube oscillators. 


Induction heating finds a multitude of ~ 


uses in industrial processes, such as sur- 
face hardening or heat treating, heating 
slugs in a continuous process for forging, 
heating joints for brazing, continuous 
heating of moving magnetic strip or wire, 
and the heating of small nonmagnetic 
terminals for soft soldering. A very 
successful recent application of induction 
heating is the use of radio-frequency 
power to brighten electrolytic tin plate. 
In this process the tin surface on the strip 
is melted continuously with the strip 
moving at 1,000 feet per minute and with 
an input of about 1,200 kw of 200-kilo- 
eycle power to the heating coil. 


t 


Paper 44-60, teecadigaded by the AIEE committees 
. industrial power applications and electro- 
shemistry and electrometailurgy for presentation 
- the AIEE winter technical meeting, New York, 
Y., January 24-28, 1944. Manuscript submitted 
November 18, 1943; made available for printing 
December 22, 1943. 


R. .M; BAKER is in the electrophysics department, 
Westinghouse Electric and Manufacturing Com- 
pany, East Pittsburgh, Pa. 


June 1944, VoLuME 63 


' near the surface. 


Some of the applications require the 
heating of magnetic material, such as iron 
and steel, which usually are easy to heat. 
Others require the heating of nonmagnetic 
materials, such as brass or copper, which 
can be heated less readily, especially when 
the piece to be heated is small and has a 
low electrical resistivity. 

Since it is impractical to cover the 
whole field of induction heating in one 
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(b) 


paper, this paper will be limited to the 
heating of nonmagnetic materials. 

. Almost any problem in induction heat- 
ing can be resolved into the problem of 
heating a cylinder, a flat slab or strip, or 
a surface by a current-carrying conductor 
. The following discus- 
sion of these three cases, therefore, should 
enable one to calculate any problem where 
the material to be heated is nonmagnetic. 


List of Symbols 


Symbols will be defined throu ghout the 


paper the first time they are used, but 
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for convenient reference all symbols are 
listed here: 


f=frequency (cycles per second) 

a=radius of a cylinder (centimeters) 

d=diameter of a cylinder (centimeters) 

p=electrical resistivity (ohm-centimeters) 

Gq(K,a) =a function of (K,a) (Figure 2) 

G;(K,t) =a function of (Kt) (Figure 9) 

t=thickness of slab (centimeters) 

ty =thickness of cylinder wall (centimeters) 

Hf=peak magnetizing force at surface of 
piece to be heated (oersteds) 

T,=turns in heating coil 

J,=current in coil (rms amperes) 

1,=length of coil (centimeters) 


eg Se 
p 


j 2619-9 
me | 4x*f10 
i i p 


¢q=flux inside cylinder 

¢;=flux inside slab 

A,=cross-sectiona]l area of cylinder (square 
centimeter) 


aa 


CURRENT DENSITY. 
DISTRIBUTION IN 
CYLINDER 


CURRENT DENSITY 


DEPTH BELOW SURFACE @F 
OF CYLINDER 


(c) 


Induction heating of a nonmagnetic 
cylinder 


Figure 1. 


A,=cross-sectional area aif ‘slab (square 
centimeters) 

A,=cross-sectional 
centimeter) 

Fee : 

Q,| flux coefficients for cylinders and slabs 

P,\ (see Figures 3 and 10) 

Os 

FE, =internal voltage of coil (rms volts) 

E,=terminal voltage or coil (rms volts) 

(Power factor);=cos _6,;=internal powez 
factor of coil 

cos 6,=terminal power factor of coil 

W.»=total watts into piece to be heated 

R=resistance of coil at the frequency used 

5=effective depth of current penetration 
(centimeters) 

fp =see equation 16 

fo=see equation 17 

1, =axial length of cylinder (centimeters) © 

1,=length of slab (centimeters) 

x=distance from center line of conductor 
(centimeters) 

I=conductor current (rms amperes) 

iy =distancé from center of conductor to 
surface of plate 

h=equivalent distance defined by equistita 
27 


area of coil (square — 
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K,=empirical resistance coefficient 
R,)=d-c resistance of solid copper conductor 
(equation 28) 
p-=inside perimeter of coil (centimeters) 
Py = outside perimeter of work (centimeters) 
],» =axial length of work (centimeters) 
pe=resistivity of copper (ohm-centimeters) 
Py =resistivity of work (ohm-centimeters) 
W,=12R=copper loss in coil (watts) 
_ W=watts per square centimeter or per cubic 
centimeter 


General Consideration of the 
Induction-Heating Process _ 


When current is caused to flow in the 
coil (heating coil) surrounding the work- 
piece, such as the cylinder of Figure la, a 
countercurrent is induced in the work- 
piece, as illustrated in Figure lb, The 
current density is highest at the surface 
and drops off e&ponentially inside as 
shown in Figure lc, The heating in the 
piece due to this varying current density 
is the same as would be caused by the 
same total integrated current distributed 
uniformly in a surface layer of thickness 6 
(Figure 1c). The depth 6 is called the 
effective depth of penetration of current, 

and, in special cases, it may be used con- 


veniently to calculate induction-heating 


problems. This paper, however, is con- 
cerned with more general methods of cal- 
culation, and the depth of penetration 
concept will be used only in treating the 
problem of thin-walled cylinders. 


- Heating of Nonmagnetic Solid 
Cylinders 


The power generated in a nonmagnetic 
cylinder can be calculated from the 
equation? 


W =1/2H*fG,(Kqa)107 


watts per cubic centimeter (1) 
where 
F , 2f10-9 
Kaa =a \ 81r*f10~* 
p 


f=frequency (cycles per second): 

a=radius of cylinder (centimeters) 

p=electrical reistivity of cylinder (ohm- 
centimeters) 1 
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Figure 2 (left). Non- 
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G,(Kqa) =a function of (K,a) involving 

’ Bessel’s functions and plotted for con- 
venience in Figure 2 

H=peak value of magnetizing force at the 
surface of the cylinder (oersteds) 


If the magnetizing coil has closely spaced 


turns and a length equal to at least 20. 


times the spacing between the cylinder 
and the inside diameter of the coil, the 
end effect of the coil is negligible, and one 


_ may calculate H from the equation 


_0.44TTe/2 

= Se pS 

T,=turns in coil 
I=current in coil (rms amperes) 

1,=axial length of coil (centimeters) 


(2) 


oersteds © 


If a relatively shorter coil is used, the 
actual H obtained will be less than that 
indicated by equation 2. This effect, 
however, will not be considered in this 
paper. i 

The magnetic flux in the air space be- 
tween the cylinder and the inside diame- 
ter of the coil will be (A,—A,) H where 
A, is the cross-sectional area of the coil 
(square centimeters) corresponding to its 
inside diameter, and A, is the cross-sec- 
tional area of the cylinder (square centi- 
meters). Some flux also penetrates the 
cylinder, and the magnitude of age flux 
may be calculated from 


ba= A oll (Ue a 7 Qa) (3) 


‘where P, and Q, are quantities propor- 


tional to the two components of this flux 
and are plotted for convenience in Figure 
3. The total flux linking the coil is then 
the vector sum of the flux in the air 
(A,—A,)H and the flux in the cylinder 
A,H(Pa—jQu.). ‘If these two are added, 
one obtains for the total flux 


(lee > 
oo=A,H (4 +P.) _ 104 lines (4) 
a 
or in actual magnitude | 


* A a = 
[¢o]=A,H \ (4 = +P.) +0 lines (5) 


The voltage induced by this flux in the 


turns of the coil will be 


Ey =~+/ 2xfT -[$0]10-8 volts (rms) (6) 
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rent, and coil voltage for a variety 
ditions. If these quantities are know 
one may calculate the correspond: 


power factor.” The ‘tesa cae a 
will be defined by the equation 


(P : fact ) e:) We 
ower factor); =Cco = 
3 os E,l, 


into the work. It is found that the i 
ternal power factor i is represented by 5 
equation © 


Curves of internal power factor for va 
ous values of A,/A, are represented © 
the curves of Figures 4.and5. The param-. 
eter K,a is used in equation 8 and in: 
plotting the curves of Figures 4 and 5, so 
as to make them perfectly general 
applicable to any frequency and any 
cylinder. One may calculate values of 
cos 0; for (Kqa)values greater than 1 ) by 
using the telation 


Kqa>10 Po=Qa= va ae 
ad ; ; 
Oa) = 


The voltage E, does not include # 
voltage drop due to the resistance ©: 
heating coil nor to flux whi ‘act 
passes through the turns (through 
copper) of the coil. The coil should 
ways be designed, so that the dep’ 

_ penetration of flux and current is less 
the thickness of the copper from w: 
the coil is wound, and for this condi 
and for a close-wound coil the voltage 
drop due to flux inside the copper be 
approximately equal to the resistance 
drop of the coil. The volt-amperes con | 
sumed in the copper of the coil on thi 
assumption will be I,2R(1+j) or wil 
have the absolute value 4/2I2R where’. 
is the resistance of the coil at the fre 
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quency used. The total vole aes at 
the terminals of the coil may be obtained 
by adding the volt-amperes i in the copper 
of the coil to the volt-amperes E,J,, as 
shown in Figure 6a. This diagram is 
drawn for the case where the value of volt- 
amperes in the copper of the coil /2RI,2 
is small compared with A,J,. The actual 
volt-amperes input to the coil is, in this 
ease, only slightly greater than the in- 
ternal volt-amperes E,J,, and the power 
factor at the coil tertninals cos 0, differs 
only slightly from lass internal power-fac- 
tor cos 0). 

One may calculate the total volt- 
amperes in the coil from the internal volt- 
amperes H,J, and the relation 


EJ .= |(E., cos 01+J,2R)?+ 
a (Ei, sin ©:+J,2R)? 
volt-amperes (10) 


where 
Wy 
Q=—— 
COS 01 Ey % 


Figure 6b represents approximately the 
conditions which would be obtained in 
heating a copper cylinder with the heat- 
ing coil wound closely around the copper 
cylinder and with the frequency high 
enough to make the internal power factor 
equal to 0.707. This is not a condition 
likely to be obtained in practice but is 
included to show that, in an extreme case, 
the volt-amperes in the.copper of the coil 
may be equal to half the total volt- 
amperes supplied at the terminals of the 
foil. 

The actual power factor at the ter- 
ninals of the coil is 
| _WotteR 

08 8, = ae (11) 

The curves of Figures 4 and 5 are 
yalid only when the cylinder to be heated 
s equal in length or longer than the heat- 
ng coil. The internal power factor for the 
ase where the coil is slightly longer than 


the cylinder, as often will be the case, may 
be estimated by reducing the values given 
by these curves in the ratio J,//, where 
1, is the length of the cylinder in centi- 
meters. 

It is, in general, desirable to operate at 
a frequency equal to or greater than that 
which will give the maximum internal 
power factor. From the curves of Figures 


4 and 5 this corresponds to a value of © 


K,a23. Solution for the corresponding 
frequency indicates that the frequency to 
use is 


114 p10® 
= (12) 


cycles per second 


In some cases, where a very large 
cylinder of low resistivity is to be heated, 
this equation may indicate a minimum 
frequency which is absurdly low from the 
standpoint of the generator. In such 
cases, a higher frequency should be used. 
Also, since a low frequency requires a 
thick conductor in the heating coil, the 
mechanical considerations of coil design 
may force one to use a higher frequency 
than that which would give a maximum 
internal power factor. There will be other 
cases where one wishes to heat only a very 


thin layer on the surface of the cylinder. | 


In this instance, the frequency should be 
chosen high enough to make the effective 
depth of penetration of current defined by 
the equation 

6=5,080 \ centimeters (13) 


equal to or less than the depth to which 
heating is desired. 


Heating of Hollow ‘Nonmagnetic 
Cylinders 


, If one desires to heat a hollow nonmag- 
netic cylinder having a wall thickness 
equal to or greater than about one-tenth 
its diameter, the frequency should be 
chosen to make 6 (equation 13) equal to 


Figure 4. Internal power factor 
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= for nonmagnetic cylinder 
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Cylinder longer than coil 


0.20 


or less than the wall thickness and use the 
method of calculation for solid cylinders. 
The only precaution necessary is to re- 


- member that equation 1 gives the average 


watts per cubic centimeter in a solid 
cylinder, and, since the total power input 
to the hollow and solid cylinders will be 
equal when 6 is equal to or less than the 
wall thickness (#) of the hollow cylinder, 
the watts per cubic centimeter in the 
hollow cylinder will be greater than that 
indicated by equation 1 in the ratio of 
the cross-sectional area of the solid cylinder 
to that of the hollow cylinder. 


Heating of Thin-Walled Hollow 
_ Cylinders 


When the wall thickness of a cylinder 
becomes less than about one-tenth the 
diameter, one can obtain satisfactory 
heating with a frequency less than that 


which makes 6 equal to the wall thickness. 


When the depth of penetration is several 
times the wall thickness, the cylinder may 
be considered as a short-circuit d second- 
ary of an air-cored transformer with 
uniform current density throughout the 
thickness of the wall. 


the cylinder is 


_ 1.28 f?d*typH?10~ 18 
© p?-+8.87hy%ftd210-18 
watts per square centimeter 


d=outside diameter of cylinder eige 
meters) 


(14) 


This equation is applied to a thin- 
walled brass cylinder with the results 
plotted in Figure 7 (curve B). It is seen 
that the power input increases rapidly at 
first, as the frequency is increased, and 
then becomes constant. The vertical 
dotted lines indicate the frequency f, 
where the input has reached 90 per cent 
of the value it has in the flat part of the 
curve and fs, the frequency at which the 
depth of penetration 6 becomes equal to 
the wall thickness. Equation 14, of 
course, is no longer valid when 6 ap- 
proaches or gets less than the wall thick- 
ness, but in this region one may use equa- 
tion 1 with the approximation Gq(K4qa) = 


ac 
2 PEER 
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For this condition. 
it can be shown that the power input to > 


Wy =E;lc COS & 


Ww=E:1lc COS 8} ne 
(a) (b) 
Figure 6. Vector diagrams of volt-amperes 
in coil 


{a). Heating high-resistance saber 
{b). Heating low-resistance material 


t//2K,a. When rewritten, this equation 
: peounes 


W=0. 63 x 10~4H®4/p, 


watts per squarecentimeter (15) 


Calculation of the hollow brass cylinder 
with this equation gives curve A (Figure 
7). This equation is not valid when 6 is 
greater than the wall thickness of the 
cylinder but agrees well with equation 14 
when 6=t,. The two curves probably 
ean be joined with the dotted curve 
shown. It seems, therefore, that one can, 
_ with little error, calculate with equation 14 
below fs and with equation 15 above fs. 
The two frequencies f, and fs will come 
' ¢loser together when the ratio of diameter 
so wall thickness is decreased (Figure 8). 
These frequencies may be expressed as 
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The ratio of these frequencies is 


pee ahaa) 


/ 


fs d 
ih , 


? bo 


This shows that the two frequencies coin- — 


cide approximately when d/t,=6 and are 
farther apart the greater the ratio d/ty. 
If satisfactory power input can be ob- 
tained at the frequency (fs), one may as 
well operate at the lower frequency (f,) or 
at some intermediate frequency. Only in 
cases of extreme power input should it be 
necessary to go to a frequency greater 
than (fi 3). 


Heating of Nonmagnetic Slabs or 
Strip — 


A flat nonmagnetic slab, thin in com- 
parison with its width (see cross-section 
view Figure 9), can be heated by induc- 
tion, and the power input is given by? 


W=1/2H*G,(Kst)10~7 


watts per cubic centimeter (18) 


where 


[anspio-* 
ea feel a 


- ¢=thickness of slab (centimeters) 


G,(Kt) =a function of Kt given in Figure 9 


As in the case of the cylinder, the mag- 


-, _158p10° netizing force may be calculated from 
fo= ie (16) 
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[bo] =AH4 
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A,=cross-sectional area of ee 4 
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, P, and Q, are given by the curv 
Figure 10. 
The internal power factor will be 


=cos @; 
2G4(Kest) 


(Power factor); = 


values of the ratio A,/A, are plotted 
Figures 11 and 12. If values taken fre 
these curves are used, the total v 
amperes in the coil and the true 
factor at the terminals of the coil ma 
calculated from equations: 10 a 1, 1 
spectively. a 
Asi in the case of the yn. the 


slab is equal as ah pence 
coil. If the length of the slab is only 
little less than the length of the coil, 


[‘Ja=i0 CENTIMETERS ima 


t= 0.4 CENTIMETER | 
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reducing the value given by the curves in 
the ratio /,/1,, where J, is the length of the 
slab in centimeters. ; 
Since the internal power-factbr curves 
of Figures 11 and 12 peak around 2.5 in 
the practical range of the ratio A,/A,, it 
can be agreed that the frequency to be 
used in heating a nonmagnetic slab is 
determined by the relation K,t=2.5 or 


fi pee cycles per second 
Heating Cylinders and Slabs of 
Small Diameter or Thickness 


_ The analysis given previously may be 
applied to small nonmagnetic wires and 
thin nonmagnetic sheet, but, because it is 
‘difficult to construct a coil to conform 
closely to the surface of the work in these 
cases, it is found that the power factor of 


‘the heating coil and the efficiency of the. 


process are extremely low. Small-diame- 
ter iron wire and thin iron sheet, on the 
contrary, may be heated quite efficiently, 
because the magnetic permeability acts to 
increase the skin effect greatly. 


Approximate Calculation of I°?R Loss 
in Coil—Coil Efficiency 


Some work has been done to develop. 


formulas to predict the high-frequency 
4esistance of coils of simple shapes, but 
these equations are generally tedious to 


use and are useless for irregularly shaped _ 


coils. The writer has found it convenient 
jn the case of coils wound from hollow 
copper tubing to calculate the high-fre- 
quency resistance of the length of tubing 
used in a coil, as if it were a straight iso- 
Jated conductor, and then multiply this 
value of resistance by a factor K, greater 
than unity to take into account the fact 
that the tubing is wound into a coil. 

In accordance with the aforementioned 
material, one may write for the resistance 
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Figure 11 (left). In- 

ternal power factor, 

nonmagnetic slab or 
strip 


s 
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Slab or strip longer 
than coil 


INTERNAL POWER FACTOR 


Figure 12 (right). Internal 
power factor, nonmagnetic slab 
or strip 


Senn, 


Slab or strip longer than coil 


at the frequency (f) of a coil wound from 


hollow copper tubing! 
R=K,R(0.038d4/f +0.25 ohms) —_—(23) 


K,=empirical resistance factor 


d=outside diameter of tubing (centimeters) © 


Ro=d-ce resistance of a solid round copper 
conductor having the same outside 
diameter and same length as the tubing 
used in the coil 

f=frequency in cycles per second 


Tests indicate that the high-frequency | 


resistance of single-layer coils of circular 
cross-section wound from one-fourth-inch 
outside diameter to one-half-inch out- 
side diameter copper tubing with diame- 
ters from two to four inches and lengths 
equal to or greater than their diameters 
may be calculated fairly accurately from 
equation 23 by using values of K, given 
in Figure 15. Some tests made on coils of 
rectangular or oblong cross section (width 
more than five times the thickness) 
showed the resistance of this type of coil 
to be less frequency sensitive than the 
coils of circular cross section. The high- 
frequency resistance of this type of coil 
may be calculated approximately from 
equation 23, using the value K,=2.5. 

It must be noted that, for equation 23 
to be valid and also to obtain an efficient 
coil design, the wall thickness of the 
copper tubing used should be greater than 
the depth of current penetration, equation 
18, at the frequency used. Above ten 
kilocycles, standard annealed copper tub- 
ing with an outside diameter of from one- 
fourth to one-half inch is satisfactory. 

. Another method of approximating the 
copper loss in the coil is to consider the 
fact that, when the frequency is high 


enough for satisfactory heating K,a=3 


for cylinders and K,f22.5 for flat plates, 
the current in the work and the ampere 
turns in the coil per centimeter length are 
approximately equal. If the coil were 
clos¢é wound of copper strap or a single 
cylindrical turn of copper, the ratio of loss 
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Figure 13. Heating surface of plate by prox- 
imity effect 


Figure 14. Magnetizing force H from two « 
line conductors ; 
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K, versus frequency for use with 
equation 23 


Figure 15. 


in the coil to power in the work (non- 
magnetic) should be approximately 


We _ Pe be 4 [pe 
We Pw ho Pw 
pbc=inside perimeter of coil (centimeters) 
Pw =outside perimeter of work (centimeters) 
1,=axial length of coil (centimeters) 


(24) © 
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1, =axial heated length of work inside coil 
(centimeters) 

p¢=resistivity of copper (ohm- centimeters) 

py =resistivity of work (ohm-centimeters) 


For the usual close-wound coil of copper 
tubing the ratio is more nearly 


We _ 13 tele \" 
Wy Pw ly Y Pw 


The coil efficiency can be expressed as 


(25) 


Coil efficiency = (26) 


rf W, 
ty, 
Equation 25 is fairly accurate if the depth 
of penetration (equation 13) is less than 
one-fourth the diameter of a cylinder or 
one-third the thickness of a slab and is 
quite useful with equation 26 to estimate 
the efficiency to be expected in a given 
heating job. 
Equation 26, of course, will give the coil 
efficiency accurately if W, and W, are 
determined accurately. 


_ Heating by Proximity Effect— 
Flat Nonmagnetic Plate 


If a conductor carrying alternating cur-_ 


rent is arranged parallel with and close to 
the surface of a metal plate, as shown in 
Figure 13a, the magnetic field from this 
conductor will cause countercurrents to 
flow in the surface of the plate next to the 
conductor and to be concentrated approxi- 
mately under the conductor. If the depth 
of penetration of current, equation 13, 
into,the plate and into the conductor is 


_ small compared with the thickness of the 


plate and the distance between the con- 
ductor and the plate, the problem becomes 
very similar to the classical electrostatic 
problem of a charged cylinder near a 
- metal plate.2* The magnetizing force at 
the surface of the plate is the same as 
would be caused by two line conductors 
“earrying current in opposite directions, 
one at (p) height (%) above the surface of 
the plate and one at (p’) distance (h) 
below the surface. The value of (h) is 
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walle of this magnetizing force (peak) is 


ld =0.44/2I-—— 


‘ 


" determined from the height of the center _ 
of the conductor (/ centimeters) above 


the surface and the radius of the conductor 
(a centimetars) and the relation 
h= V/ n2—a? hy? a centimeters (27) 


Figure’ 14 shows how the @uonetinte 


forces of these two conductors add to 
give a resulting magnetizing force at and 


parallel to the surface of the plate at a 
point distance (x) from the origin. The 


/ 


oersteds _ (28) 


ee 


is conductor current (rms amperes) 


The heating in a surface for a given value 
of H parallel to the surface may be cal- 
culated from equation 15. If the value of 
H from equation 28 is substituted in 
equation 15, the density of heating at the 
surface of the plateis 


Pr 
W =0.202X 10 Tad Gee ne a) 
watts per square centimeter (29) 


The curve of Figure 13b awe the 


power input to the surface calculated © 


from equation 29 for the size of conductor 
and spacing shown in Figure 13a. 

By integrating equation 29 from x=0 
to infinity in both directions, it is found 
that the total power input to the plate by 


a conductor (J) centimeters long is 


watts 


T24/ py 
W =0.316X10-* va (30) 


Equations 29 and 30 may be applied 
also to a single-turn circular coil around a 
cylinder, provided that the turn conforms 
closely to the surface of the cylinder. In 
this case, the value of (/) to use in equa- 
tion 30 is the circumference of thecylinder. 
These equations break down in any case 


when () approaches zero because of the 
approximate assumptions on which they 


are based. They cannot be applied ac- 


curately if h<106 where 6 is calculated 
for the workpiece from equation 13. 
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Synopsis: This paper presents some of the 
‘onsiderations involved in selecting electric 
systems for large aircraft. Such systems 
ire undergoing intensive development now; 
onsequently it is not possible to give com- 
alete answers to all problems which arise. 
Also, certain parts of the electric systems 
are subject to military classification and 
cannot be discussed. Nevertheless it is 
elt that many engineers, particularly those 
engaged in the design of such systems, will 


welcome a brief review of the basic factors — 


involved. 

Industrial and central-station experience 
provide a valuable background for study of 
aircraft systems. However, too close an 
adherence to previous practice should not be 
maintained, since aircraft systems differ 
in many ways from those of land equipment. 
The need for minimum weight demands that 
only those features be included which funda- 
mental considerations show to be necessary 
or which at least provide benefits that justify 
the weight involved. 


LECTRIC systems on aircraft have 


fe been undergoing continuous evolu- 


tion since the airplane was invented. 
Early planes started with a six-volt d-c 


system patterned after the automobile.’ 


Increasing power requirements led, first, 
to the adoption of 12-volt systems and, 
later, to the 27-volt* d-c systems which 
are now in common use. A few airplanes 
have been operated with 120-volt d-c 
systems, and some with a-c.systems hav- 
ing various frequencies ranging from 60 
to 2,400 cycles per second. 
The 27-volt d-c electric. system for 


aircraft has done an excellent job to date. 


It is simple, light, easy to control, re- 
liable, and the electric-shock hazard to 
personnel is negligible. Therefore, it is 
proper to ask, ‘““Why not use this system 
for all planes, especially since wartime 
conditions already are straining our engi- 
neering and production facilities se- 
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# Sometimes referred to as 24-volt or 30-volt sys- 
tems. Equipment for such systems is usually de- 
signed as follows: geferators, 30 volts; motors, 
27 volts; relay and contactor coils, 18-29 volts. 
Utilization-equipment nameplates are marked 24 
volts. Voltage regulators are adjusted to hold 
28.5 volts at the bus. 
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verely?”’ The answer to this question lies 
in the fact that while the 27-volt system 
has proved satisfactory on the larger air- 
planes such as the B17 Flying Fortresses 
and the B24 Liberators, which are now 
performing in an excellent manner on our 
fighting fronts, there are new designs on 
the drafting boards to meet new military 
requirements. The size, . performance, 
and electric load requirements of these 
proposed new planes are such that the 27- 
volt d-c system is no longer adequate or 
efficient from the standpoint of weight, 
and consideration must be given to new 
types of systems for these larger planes. 
Since airplanes are designed for many 
different functions, it is not likely that a 
single type of system will be the best for 
every case, even among large planes. 


Thus, military-plane requirements differ 


from those of commercial planes. Small 
plane requirements differ from those 
of large planes. Altitude, range, nature 
of mission, and many other factors 
which are discussed in this paper, 
affect the choice of an electric system. 
It is believed that a review of the prin- 
cipal considerations involved will be of 
value in selecting a system for any given 
case. — 

Although the power system is always 
tailored to the airplane, there are some 
variables, such as operating voltage and 
frequency, which can be standardized at 
certain levels and thus provide the in- 
dustry with the benefits of standardiza- 
tion. The United States Army Air 
Forces are contributing to electrical 
progress in this respect by their standard- 
izing and co-ordinating work. The selec- 
‘tion of 400 cycles for a-c systems for 
certain large military planes is a recent 
A considerable part of this 
paper deals with problems encountered 
in such systems. 


Purpose and Requirements of 
_ Electric System 


The purpose of an electric-power sys- 
tem on an airplane is to generate and to 
distribute electric power to the various 
pieces of utilization equipment which 
are required on the airplane. The best 
system for any particular application is 
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the one which combines most effectively 
the following features: 


1. Maximum reliability under all condi- 
tions encountered in operation . 
(a). Reliability of equipment such as 
motors and generators. 

(6). Service continuity should be main- 
tained automatically even during faults or 
emergency conditions, insofar as possible. 


(c). Minimize hazard to operating person- 
nel, airplane, and equipment. 


2. Minimum weight 


(a). Minimum installed weight. 
(6). Maximum efficiency (fuel economy). 
(c). Minimum additional aerodynamic 


drag for cooling requirements (fuel econ- 
omy). : 


3. Minimum space requirements. 


4. Simplicity 
(a). Ease of operation. 


(0). Minimum training time for operating 
and maintenance crew. 


(c). Ease of maintenance in field. 
(d). Rapid. and accurate checking in 
field. ‘ 


(e). Minimize spare-part requirements. 
(f). Ease of installation 


(1). Initially. 
(2). Replacement parts. 


5. System should not interfere with the 
performance of the airplane or its equip- 
ment in any way, or at least as little as pos- 
sible. 

6. Satisfactory life of all component parts 
(a). Minimum frequency of replacement. 
(0). Minimum frequency of overhaul. 

(c). Minimum frequency of maintenance. 
7. Least cost in man-hours and dollars. 


8. Utilize existing designs of aircraft 
accessory equipment as far as is practical. — 


The desirability of these features is 
self-evident and, therefore, need not be 
discussed in detail. However, it might - 
be well to point out that certain factors 
are interrelated. For example, fuel con- 
sumption can be translated in terms of 
weight for a given-length flight. Ease of 
operation and maintenance are asso- 
ciated with service reliability et cetera. 
In diverse applications the various fac- 
tors have different degrees of importance, 
and it is necessary to compromise on a 
system which provides the best over-all 
characteristics for the particular applica- 
tion under consideration. , 

The evaluation of weight and efficiency 
of aircraft accessory equipment is par- 
ticularly important in long-range aircraft, 
since fuel must be provided not only to 
operate it but also to carry the fixed 
weight of the equipment plus any addi- 
tional structural-weight requirements in- 
troduced by it and the necessary added 
fuel. Any increase in fixed weight tends 
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to decrease the pay load per pound of fuel: 


for a- given airplane and range. For 
example, for a 20-hour cruising range, ap- 
proximately one-half pound of fuel is 
required to carry one pound of fixed 
- weight over thisrange.! In addition, the 
engine fuel rate is approximately one- 
half pound of fuel per horsepower-hour. 
On the basis of an assumed over-all 
system efficiency of 50 per cent (which 
includes generator losses, motor losses, 
and distribution losses), this means that 
20 pounds of fuel are required to obtain 
an electric-motor output of one horse- 
power continuously during a 20-hour 
flight, A gain of ten per cent in the over- 


all efficiency of the system thus would re- — 


sult in a saving of 31/3 pounds of fuel 
per horsepower of continuous motor load. 
Thus, for this case, if the increase in 
over-all system operating efficiency of 

_ ten per cent can be made for an increase 
of system fixed weight of less than 3!/; 
pounds per motor horsepower, a net gain 
can be shown. If, however, the in- 
creased weight exceeds the weight of the 
fuel-saving possible, the higher-efficiency 
equipment is not justified. 


Operating Conditions 


For satisfactory results, apparatus used 
in aircraft systems should be designed to 
withstand the entire range of conditions 
_ encountered in use. Many of these con- 
_ ditions are encountered in industrial de- 
signs, but the combination of conditions, 
together with the weight and space re- 
quirements, is practically unique to air- 
borne equipment. These conditions are 
as follows: 


1. Ambient-temperature range. 
2. Altitude range. 


38. Exposure to dust, sand, salt, fungus, 
humidity, and corrosion. 


4. Vibration. 


pes Flight-attitude range. 


6. Acceleration. 
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Numerical values can be assigned to — 


these quantities only for specific: air- 
planes. 


neer to meet his particular requirements. 

For military planes, in addition to 
these requirements, 
design a system which has the minimum 
exposure and vulnerability to damage re- 
sulting from enemy gunfire. This means 
that damage in one part of the system 


‘should not be communicated to other 


parts of the system. 


Driving Power for Generators 


Some possible sources of driving power 
for aircraft generators are as follows: ~ 


1. Accessory drive shaft from main engine. 


(a). Bolted directly to a pad on the main 
engine. 


-(b). Separately mounted and driven by a 
‘flexible shaft from main engine. 


2. Auxiliary gas engines or gas tes 
3. Exhaust-gas turbines. 

4. Steam turbine using exhaust heat. . 
5 


Wind-driven generators. 


When a generator is bolted directly 
to the main engine on a suitable accessory 
power take-off pad, certain limitations 
are encountered which must be met by 
the generator design to enable it to fit 
into the space available without putting 


too great a strain on the engine housing. 


Thus the diameter, length, and bending 
moment (at the generator flange) are 
limited. Also, the generator must be 
designed to withstand the relatively 


severe vibration encountered when it is” 


mounted directly on the engine. | 
These limitations dictate the maximum 


_ physical size and weight of the generator 


that can be mounted on a given engine.” 

By mounting the generator separately 
and providing a flexible-shaft drive from 
the main-engine take-off pad to it, these 


limitations are removed, but the addi- 


tional weight and space requirements of 


Figure 1. Side view of main- 
engine-mounted air-blast- 


4,550/8,000 rpm; 30 volts; 
300 amperes, continuous; 450 
amperes, two minutes 


Weight, 48 pounds; diameter, 
six inches; length, 14 inches 
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These values should be pre- — 
scribed by the airplane designing engi- 


- most common form of drive toda 
it is desirable to - 


fied to a certain extent by the use of 


F erates : 


_with the main power, and can jit m 


is involved, auxiliary engines either mus 


. percharger. 


parallel whether alternating or direct 


cooled d-c aircraft generator. 


the separate mounting 
must be considered. : 

Accessory-shaft drive from 
engine, with a generator bolt 
to a take-off pad on, it, is probs bly 


is because it provides an ade 
liable source of power’ for littl 
weight and because it operates 
fuel economy. In a multiengit 
in which several generators are used 
may be operated either isolated or 
parallel. D-c generators with su: 
characteristics and voltage regu 
may be paralleled even though the 
engines may be running at d 
speeds. If constant-frequency a- 
erators are used, they must be 
through some form of variable 
drive, which is Rbenin to m 


drives,” ancien this akin is 


wheeling between the drive and 


of any required rating. The m 


economy for a given flight, it is necessar 
to take into account the efficiency of : 
variable-ratio drive if used, and m 
engine fuel economy as compared w 
that of the auxiliary engines. Also, 
load duty cycle has an important bearing _ 
on this calculation. Where high altitude 


carry their own superchargers or be 
supercharged from the main-engine su- 
Auxiliary engine-driven gen- 


erators are relatively easy to operate 


current. ' : 


The exhaust-gas turboalternator took " 
promising for certain applications in 
which a sufficient amount of energy can 
be extracted from the exhaust to furnish 
the electrical requirements without im-. 
pairing the main-engine performance, as, 
for example, in medium-altitude cargo: 
planes. Generators can be operated 
readily in parallel when employing this 
type of drive. In some high-altitude 
aircraft in which exhaust-gas energy is. 
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used for supercharging cabins as well as_ 


engines, and also for deicing, there is not 
sufficient available energy remaining to 
provide driving power for a large elec- 
trical demand under all conditions of 
flight. 

Waste heat from the exhaust can be 


utilized by a closed-cycle steam turbine. - 


Such a drive naturally requires a boiler 
and condenser, as well as a turbine, and 


consequently may be difficult to justify 


on a weight basis. Since it operates on 
waste heat, however, it shows up well 
from the standpoint of fuel economy. 
For military use, a condenser having a 
large exposed surface would be objec- 
tionable because of its vulnerability. 
There are many other technical problems, 
such as condenser freezing at low am- 
bients, that will have to be solved before 
this type of drive becomes useful in 
aircraft. 

Wind-driven generators are used ex- 
tensively on small airplanes for furnishing 
‘small amounts of power. However, 
they are very inefficient aerodynamically, 


and therefore are not competitive with 


other forms of drive when large amounts 
of power are required. 

From the foregoing considerations it 
‘seems that accessory-shaft drive from 
‘main engines is the best power source 
available at present for the majority of 
Jarge airplanes. 


Types of Power Systems . 

The power system may take any one of 
a variety of forms, several of which are 
listed below. 


iz, Generate direct current and utilize 
direct current at substantially the same 
‘voltage, either 27 or 120 volts. 


2. In some cases a dual-voltage d-c system 
may be used, with all the small equipment 
put on the 27-volt system and the larger 
‘equipment on the 120-volt system. 


8. Generate variable-frequency alternat- 
ing current, and rectify to utilize as direct 
current. 

4, Generate constant-frequency constant- 
voltage alternating current; utilize part 
as alternating current, and rectify part 
for use as direct current. 
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Figure 2. A\ir-blast-cooled d-c 
aircraft generator, separately 
mounted, but driven from the 

main engine 


~5,400/11,200 rpm; 120 volts; 
83/, kw, continuous; 1412/2 kw, 
five minutes; 171/, kw, five 
seconds 
Weight, 78 pounds; size, eight 
inches by eight inches by 141/2 
inches long 


5. Generate variable-frequency variable- © 


voltage alternating current (voltage pro- 


portional to frequency), and utilize as 
generated. 


6. Generate both alternating current and 
direct current, and utilize as generated. 


7. Generate variable-frequency constant- 
potential alternating current; rectify and 
then invert to constant-frequency constant- 
potential alternating current. 


There are many more possible com- 
binations, but this group includes the 
varieties which have been used, or most 
seriously considered, to date. 

The 27-volt d-c system has the advan- 
tages of simplicity and low hazard to 
operating personnel. It is satisfactory 


- for most small and medium-sized planes. 


Where large amounts of electric power 
or large planes requiring long circuits are 
involved, this system becomes inade- 
quate because of the large weight of the 
conductor required as a result of the 
limitations of conductor heating and 
line voltage drop. Commutation and 
brush wear at high altitudes are a main- 
tenance problem, although great strides 
are being made toward minimizing it. 
This system is very widely used today. 
The 120-volt d-c system overcomes the 
problem of excessive conductor size to a 
large degree, but introduces additional 
problems of commutation at higher volt- 
ages, particularly in small motors. It 
also introduces the problems of high- 
altitude higher-voltage switchgear and 
control. For energy-storage magnitude 
normally used for aircraft, batteries for 
120-volt systems are quite heavy com- 
pared to batteries for 27-volt systems. 


The higher voltage is very suitable for 


large hoisting equipment and other 
similar apparatus which may be required 
in some cargo planes. Such systems 
have been used successfully and are to be 


‘included in certain aircraft now being 


constructed. Low voltage (27 volts) 


is usually required, in addition, for cer- 


tain instruments, controls, and lamps 
(high-voltage lamp filaments do not re- 
sist vibration as well as low-voltage lamps 
of the same wattage). 
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The dual-voltage d-c system combines 
the advantages of the two d-c systems 
previously discussed with a slight added 
complexity. ‘ 

Supplying direct current by rectifying 
the output of variable-frequency generators'® 
makes it possible to use an alternator in 
place of the d-c generator. The absence 
of a commutator permits an alternator of 
much greater kilowatt capacity to be 
built for mounting directly on the main- 
engine take-off pad, within the prescribed 
limits of bending moment and diameter. 
Ratings as high as 32 kw have been built 
within these envelope limitations, which 
previously were occupied by six- to 
nine-kw d-c generators. This system 
also eliminates the need for high-current 
brushes on the generator, and therefore 
minimizes the maintenance problem. 
However, brushes are still used on the 
slip rings, so that the brush problem, al- 
though considerably reduced, is not elimi- 
nated entirely. The weight of a dry- 


plate rectifier, or transformer and recti- 


fier, is added but this is compensated 
partially by the lower weight of the al- 
ternator as compared with a d-c generator 


of equivalent rating. Such systems are 


now under intensive development. 

The constant-frequency a-c system offers 
a suitable source of power for most loads 
but requires variable-ratio transmission 
and governors if it is to be operated from 
the main engines. These naturally add 
appreciably to the weight. However, the 


advantages!*® of this system are sufi- 


ciently great so that now it is being given 
intensive development. 

Use of auxiliary engines with this sys- 
tem eliminates the need of variable-ratio 
transmissions, but it is expected that 
such transmissions will weigh appre- 
ciably less than auxiliary engines. In 
general, the use of alternating current 
minimizes commutation and brush-wear 
problems, thereby decreasing mainte- 
nance. It does not eliminate these prob- 
lems, however, since both exciters and 
slip rings may require brushes, although 
they do not present as difficult a problem 
as on completely d-c systems. 

Variable frequency, with voltage pro- 
portional to frequency is satisfactory only ' 
for certain loads such as a-c torque 
motors. The difficulty with this system 
is that motors operating from it run at a 
speed depending upon the frequency, 


which varies widely. This would result 


in unsatisfactory performance of many 
devices. Other equipment, such as 
lights, radios, suit heaters, and so forth, 
normally operate at constant voltage and 
consequently special provision must be 
made for them. For these reasons, this 
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_ erator with direct-mounted exciter. 
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- Figure 3. Dual-voltage d-c aircraft generator 


for use with auxiliary engine. The low-voltage 
generator also serves as a starting motor for the 
auxiliary engine 


4,000 rpm; 120 volts, 6.75 kw and 28.5 volts, 

2.0 kw; continuous; both machines are rated 

for 50 per cent overload for five minutes 

Weight, 125 pounds, including coupling and 

cooling fan; diameter, 11 inches; length, 
191/. inches 


rae 


f 
ba 
Pa 


 Air-blast-cooled a-c aircraft gen- 
Portion 
‘of housing and air duct removed to show exciter 
and collector rings. Driven from main engine 
at constant speed through variable-ratio trans- 
mission. Generator and transmission are 
mounted separately from the main engine 


6,000 rpm; three-phases 208Y/120 volts, 
400 cycles, 40 kva, continuous; 60 kva, five 


Figure 4. 


_ minutes; 80 kva, five seconds; 0.75 power 


factor 
Weight, 80 pounds, including exciter; diam- 
eter, 94/4 inches; length, 171/, inches 


type of system is used only for certain 
special applications. 

Dual systems a-c and d-c, with separate 
power sources, combine certain advan- 
tages of other systems but increase com- 
plexity. They are used for special ap- 
plications. 

The. rectified—inverted constant-frequency 
constant-voltage a-€ system dispenses with 
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‘the necessity for variable-ratio drives — 


where main engines are used as the driv- 
ing source. It also eliminates any need 


for synchronizing equipment and simpli- — 
fies parallel operation. However, be- 


cause of the weight of conversion equip- 
ment required and lower efficiency re- 
sulting from multiple transformation 
losses, this system does not seem very. 
attractive at present. 

The 27-volt d-c system is used most 
commonly in present-day medium and 
large aircraft, and it is likely to continue 
to be an important voltage level. Higher- 
voltage systems such as 120 volts direct 
current or 208 volts constant-frequency 


alternating current, supplemented by a 


small amount of 27-volt d-c distribution, 


appear promising for larger aircraft re-~ 


quiring greater amounts of auxiliary 
electric power. Much of the equipment 
for these higher-voltage aircraft systems 
is undergoing active Ce at the 
present time. 

Figures 1, 2, 3, 4, aad 5 show genera- 
tors which have been developed for 
various systems. 


Selection of Voltage 


The selection of system operating 


-yoltage depends primarily upon the 


following. factors, most of which can be 
evaluated in terms of weight. 


Transmission distance. 
Power to be transmitted. 


Available utilization equipment. 


aad ad ar 


Weight of reliable generation, distri- 
bution, and utilization apparatus. 


5. Line-voltage-drop limitations. 


6. Generation, distribution, and utiliza- 
tion of power at one voltage, insofar as 
possible, to avoid weight of transformers or 
converters. 


7. Safety to personnel? and plane. 


8. Creepage, insulation,®.§ and arc-inter- 
ruption problems. 


In general, for increased power and 
increased transmission distances, higher 
voltage is desirable to minimize the 
weight in the power conductors. Me- 


chanical limitations establish lower limits 
to wire size in aircraft wiring, and there — 
is no gain in increasing the voltage be- - 


yond the point at which the minimum 
wire size can take care of a large part of 
the loads. As the voltage is increased, 


_the required insulation increases, and 


consequently the point of diminishing 
returns is reached rapidly.’ Also, the 
hazard to the operator increases with 
increasing voltage.* It is therefore, desir- 
able, to select a practical voltage level no 
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higher than that ‘whiel will g g 
mum oer she W 8 


Systems 


27 volts, direct current, with a 
ground returm ......--.ceee ee rece neeee LOO 
120 volts, direct current, “with ‘ 
ground returm ......-.+-2+s+00- shane 
120 volts, direct current, two-wire. 
208/120 volts, three-wire, 
three-phase, Lenin current, 
0. 75 power factor,. wig Pi 


Alternating Current Versus Direct * 
Current’: 9 


nea 


The Racine at the ahilations ail = 
ment and the operating conditi 
largely determine whether altern 
current or direct current should be 
For example, radios normally 
alternating current, whereas dir 
rent is best adapted to many) ec 
devices. 

_ For Rayis ern et ai 


and light weight of a-c motors and 


speed motors appears more pro: 
with alternating current. Also, 
equipment requires alternating 
which can be obtained directly from | 
a-c system, thereby eliminating the need 
for converters. Alternating current ‘has S 
the phir 2 that various desired utili = | 


ae which are ee ae — 
than d-c voltage converters. 


— 


directly on the eagle ier ee na al- 
leling of d-c generators is relatively easy. 
D-c os are pra 3 of erect te 


a-c motors of the same Rees ‘Thes 4 
are, also, more adaptable to speed con 
trol. Single-wire distribution, witl 1 
ground return and single-pole switching, 
is possible with direct current on me 
airplanes. Wiring weight is less, at the 
same voltage, because it is not a 
to transmit the wattless kilovolt-amperes c 


ELECTRICAL ENGnESE G 


Pe 2-3 


associated with alternating current at 


power factors other than unity. Energy 
storage, by use of batteries, is possible. 


with direct current. 

Sufficient data are not yet available for 
a complete weight comparison between 
a-c and d-c systems, but they are being 
accumulated as equipment designs are 
developed. Any such comparison must 
consider the weight of all equipment, 
such as generators, motors, wiring, con- 
trol, variable-ratio transmissions, circuit 
breakers, contactors, fuses, et cetera, 
and also the weight of fuel required to 
supply the losses in the system for the 
duration of the flight. 


Selection of Frequency if Alternating 
Current Is Used | 


The selection of frequency! depends toa 
large extent upon the type of utilization 
equipment used in the airplane. In 
general, selection should be made for 
minimum weight of the entire electric 
system which will provide satisfactory 
performance. It is desirable to operate 
motors at high speeds up to the limits of 


good bearing performance; since this 


tends to minimize equipment weight 
even when reduction gears are required. 
The frequency should be high enough to 
permit motor speeds in the order of 8,000 
to 12,000 rpm and, yet, not so high as to 
require, at such speeds, too many motor 
poles for efficient motor design. Much of 
the d-c motor-driven apparatus used on 
present-day aircraft is designed - for 
motor speeds of 8,000 rpm. This has 
been found satisfactory for continuous 
operation of grease-packed ball bearings. 
For intermittent operation, grease-packed 
ball bearings in small sizes operate 
satisfactorily up to 12,000 rpm. 
desirable to utilize these same speeds in- 
sofar as possible, to avoid unnecessary 
redesign of gear-reduction mechanisms, 
and to make use of maximum speed per- 
mitted by practical bearing design. It is 


desirable, therefore, to select a frequency 


which will provide these speeds. 

The frequency should be selected so 
that speeds up to 24,000 rpm are not 
tuled out, since such speeds may be 
desired for the lightweight turboalter- 
nators which hold promise for the future. 
Such machines probably would be de- 


signed with oil-pressure lubrication on. 


the bearings. Again, certain gyroscopic 
instruments may require speeds of this 
order. 

For motors that are not geared, the 
frequency should be such that at least 


the majority of these motors can be de- 


peered with a number of poles (preferably 
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Figure 5. Oblique view of 
main-engine-mounted air-blast- 
cooled d-c and a-c aircraft 
generator 
4,000/8,000 rpm; 200 am- 
peres; 30 volts direct current. 
800/1,600 cycles; — single 
phase; ten amperes; 120 volts 
alternating current 
Weight, 47 pounds; diameter, 
six inches; length, 13/2 inches 


four, six, or eight) which will result in 
the required speed with an efficient, 
lightweight design. The frequency 
should be high enough so that a sufficient 
number of speed steps are available in 
the desired motor-speed range to permit 
flexibility in application without re- 
quiring an excessive number of poles. 

Iron-core transformers become lighter 
with increasing frequency within practical 
limits, so that this becomes a considera- 
tion in applications where many trans- 
formers are used.1! 

There is a considerable amount of 
115-volt 400-cycle single-phase a-c elec- 
tronic equipment now in use in aircraft. 
From the standpoint of interchangeability 
and elimination of conversion equipment 
it is desirable to be able to operate this 
electronic equipment directly from the 
power system, 

If too high a frequency is used, skin 
effect in conductors and eddy current 
and penetration effects in iron cores in- 
crease the weights of wiring and equip- 
ment. Except for frequencies well above 
400 cycles, however, these effects are 
not significant for most wire sizes 
and equipment designs used in air- 
craft. For example, for all wire 
sizes equal to or smaller than AN-8,* 
the skin and proximity effects at. 400 
cycles increase the losses by less than 
one per cent. This includes the majority 
of wires on the 208Y/120-volt system 
now contemplated. For larger wire sizes, 
skin and proximity effects increase con- 
siderably. Thus, for*AN-O it is 11 per 
cent, and for AN—0000 it is 30 per cent 
at 400 cycles. These figures are -based 
on minimum practical spacings with 
insulated aircraft cables. 


Polyphase Versus Single Phase in 
A-C Systems 


Single-phase systems offer simplicity 
in wiring and switching equipment. 
Single-phase motors require capacitors or 
other means of phase splitting in order to 
obtain starting torque. Polyphase motors 
NE Se ENTER CY MEGS TS; SORES EO SERIES 


* Army-Navy Standard Aircraft Wire Size. Ap- 
proximates corresponding American Wire Gauge 


size. 
( 
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and generators are lighter than single- 
phase motors because they utilize avail- 
able winding space more effectively.** 
Systems with three or more phases will 


“transmit. power with less copper than 


systems with a fewer number of phases. 
Generally there is no advantage in using 
more than three phases. Of course, 


single-phase loads can be operated from_ 


three-phase systems satisfactorily, pro- 
vided they are reasonably well distributed 
among the phases to avoid excessive un- 
balance. 
used only for very small incidental 
loads where three- ae power is avail- 
able. 


Types of Alternators for A-C 


Systems : 4 


The alternator may take any one of 
several forms, some of which are as 
follows: 


1. Conventional design, with either rotat- 
ing field or rotating armature. 


2. Inductor alternator, having rotating 
salient poles excited by a stationary wind- 
ing. 

8. Induction alternator, having a squirrel- 
cage rotor. - 


The conventional design requires two 
sets of slip rings and brushes for the 
rotating field, and three or four sets for 
the rotating-armature three-phase ma- 


chine, depending on whether or not the 


neutral is brought out. The light weight 
of these generators, their stability when 
used with direct-connected exciters, and 
ease of control make the conventional 
type of machine preferable for most 
cases. 

The inductor alternator reqttires no slip 
rings or brushes of any kind, but its 
weight is from 40 to 50 per cent greater 
than that of the conventional type, so 
that it is not being developed actively 
for main-power generation. 

The induction alternator also requires 
no slip rings, and can be built with a 
simple, sturdy rotor similar to that in a 


** Except in very small sizes (1/s horsepower and 
less) when it may not be practical to use three-phase 
windings because of space limitations. 
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Single-phase motors will be 


squirrel-cage induction motor. For this 


_type of generator, parallel operation is 


greatly simplified, since the machine 
takes its excitation from the system; 
consequently, synchronization and pre- 
cise speed control are not required, al- 
though a variable-ratio drive is required. 
Where such alternators are used, how- 
ever, excitation must be furnished by 
other synchronous machines on the 
system, either alternators or synchro- 
nous condensers. The weight and vul- 
nerability of these additional necessary 
machines is a disadvantage. Also, the 
ability of the system to recover from 
electrical disturbances tends to be less 
than for systems of comparable weight 
using conventional generators with direct- 
connected exciters. The starting prob- 
lem also must be given special considera- 


tion with this system, as special devices 
are required for this meee, 


Types of Excitation Gyatems for A-C 
_ Systems 


If Peisae vial pee a are used, 
excitation can be furnished by: , 


1. A direct-connected self-excited exciter. 
2. Transformation and rectification from 
the a-c system. 


31 Dee generators or batteries on the 
plane, if available. 


The direct-connected exciter is pre- 
ferred because this arrangement makes 
each unit independent of other units 
on the system. It also provides a 
relatively ‘stiff’ system which will 
not collapse completely under exces- 
sive load or even under solid-fault con- 
ditions, since a fault or load does not, 
reduce the available excitation. The 
disadvantage of this system is the 
added weight and space required by the 
exciter, and the fact that brushes and 
commutator are present on the exciter. 
However, since the energy requirements 


for the exciter are relatively small, this 
does not appear to be a serious problem. 


A direct-connected exciter also results in 
lighter voltage-regulating equipment, 
since only exciter field current need be 
regulated, and standard voltage regula- 


tors that already have been developed 


for aircraft can be used with only slight 
modifications. 

Excitation from rectifier supply must 
depend either upon residual in the alter- 


nators or upon the presence of an in-_ 


dependent d-c system for initial build-up. 
A collapse of the a-c system through a 
sustained solid three-phase fault will 
mean a loss of excitation and, conse- 
quently, the inability to burn the fault 
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clear. 


* 


less stiff and has a maximum current 
point beyond which both the voltage 
and excitation will collapse unless the 
overload or fault is removed very quickly. 
This system introduces starting problems, 
particularly at low ambient temperatures 
at which the rectifier resistance increases. 
If high residual is incorporated to assist 
in starting, the regulator range required 
is increased considerably. 

Excitation from an independent d-c 
system has the disadvantage that damage 
in the d-c system (a fault, for example) 
is communicated immediately to the a-c 
system as a loss of excitation, thereby | 
tending to depress the a-c voltage also. 
It also requires heavier nonstandard 
voltage-regulating equipment compared 
with that for direct-connected exciters. 


_ Manner of Grounding 


‘Most 27-volt d-c systems are solidly 
grounded to eliminate one wire in metal 
planes. This not only reduces the 
weight of wiring but also the exposure 
to hazards such as gunfire. 


energized conductor accidentally coming 
in contact with the metallic skin of the 
plane constitutes a fault on the system. 
Higher-voltage d-c systems probably 
also will be grounded to eliminate one 
wire. While a perfectly isolated system 
would involve less hazard to operating 
personnel than a grounded system, there 
is always in practice, a certain amount 
of capacitance and leakage between 
conductors and ground and also the 
possibility of accidental grounds, so-that 


it is doubtful whether grounding signifi- — 


cantly affects electric-shock hazard. 
When both voltages of a dual-voltage 

d-c system are grounded, a third voltage 

is made available, which is either the 


sum or difference of the other two volt- 


ages, depending on whether like or unlike 
polarities on the two systems are 
grounded. - 5 

Some of the ustial reasons for a-c 
system grounding, such as protection 
against transient overvoltages (on sys- 


tems above 600 volts) and possible im- 


provement of lightning-arrester protec- 
tion for overhead transmission systems, 
are not important i in aircraft. 

Grounding of aircraft systems has the 
advantage that accidental faults either 
are cleared immediately or otherwise 
detected so that faults are not likely to 
go unnoticed. Ground detectors can 
be used, of course, with an ungrounded 
system, but they will not indicate the 
location of the fault. Accidental 


Boice, Levoy—Electric Systems for Large Aircraft 


It also makes a system that is 


One dis 
advantage of grounding is that any li 


faults and make it more difficult. 


‘two pole. 


: phe AG : 
“ ra r 
grounds, in an whproundedit sys 
are not ee Const Tianey 


Grounding the neutral of a three st 
a-c system on a metal airplane provic 
the equivalent of a four-wire system 
that single-phase loads can be. 
conveniently at line-to-neutral 


onetite hae swell if c one cir it is is 
accidentally open-circuited (by 
gunfire, for example). This is 
sidered to be an advantage on ce 
types of equipment for military plane 
Grounding of the neutrals of 2 
generators increases the line-to-gro 
fault current of the system, 
utilization equipment is ungrounc 
ground fault current can be li 
any desired value by a suitable resi 
reactor in the generator neutral. 
ever, in cases where the mot 
utilization equipment have — 
grounded neutrals, such a 


be handled by the care 
prevehts displacement of the neutr: 
that the switch voltage is reduced; 


necessarily increased. This is sh 
Figure 7. Higher ‘ground-fault c 
speed up the ‘‘burning clear” of g 


tain a “welded” fault. They she 
the fault clearing time for fuses whi 
may be usedin the circuits, == 
Grounding of one phase of a tl 
phase a-c system has been given 


any specific projects to date. 
weight of one wire is saved, of c 
by this means, and switches may 
However, line-to-neut 
tage is not available then, swi 
must handle 73 per cent higher volta: 
per pole, electric-shock hazard is son 
what increased by the higher line-t 
ground voltage, and an increase of r 
and interphone interference resul 
from the presence of unbalanced fields 
may be introduced. 


Power-Factor Correction 
: . t { 
‘Capacitors frequently are used for 
power-factor correction in industrial a 
systems. The benefits are reduction 
line losses, reduced wire size to baiaiec 
a given amount of power, and i increa 
[ 
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power available from a given-size genera- 
tor. In higer-hfrequency a-c systems 
such as the 400-cycle system, the weight 
of capacitors required per kilovolt- 
ampere of correction is substantially less 
than that in 60-cycle systems of the same 
voltage. Capacitor weights of the order 


of 11/4 pounds per kilovolt-ampere, in - 


sizes of one-half kilovolt-ampere and 
larger, are now available for 208-volt 
400-cycle systems, and future develop- 
ments may reduce this considerably. 

Tn spite of these relatively low weights 
for corrective capacitors for 400-cycle 


a-c systems, it is doubtful if they will . 


have widespread application in aircraft, 
because the lines are relatively short and 
the loading intermittent. Preliminary 
calculations on certain systems indicate 
that the savings in wire weight, losses, and 
generation are offset by the weight of the 
capacitors. Such a calculation can be 
made for any given system to determine 
whether or not power-factor correction is 
justified. In general, the lower the 
power factor, the more effective are the 


capacitors, so that for some very low-— 
power-factor apparatus they can be 


justified. It usually does not pay to 
correct to unity power factor, however. 

In addition to the weight and economy, 
there are certain other factors that 
should be considered in any particular 
case in determining whether or not power- 
factor correction is desirable. The capaci- 
tors occupy a certain amount of space 
and, therefore, tend to increase the vul- 
nerability of the system to gunfire, for 
example, and to accidental fault. In 
addition, where parallel operation is 
involved, the system stability is reduced 
#f full advantage is taken in reduction of 
ate ne size. 


Parallel Versus Nonparaliel 
Operation 


When several generators are used, 
parallel operation ‘provides certain ad- 
vantages and has certain drawbacks. 
The most important of these are given 
in the following tabulation, and apply to 
both a-c and d-c systems. 


ADVANTAGES 
1. Greater motor-starting capacity. 
2. Reduction of time and magnitude of 


yoltage disturbances from faults, motor 
‘starting, or loss of generation. 


8. More effective use of spare capacity, 
so that smaller or fewer generators can be 
used without excessive e load- transfer switch- 
ing. : 

4. Greater ability to burn init clear.* 


5. Continued operation of load equipment 
following engine or generator failure does 
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PRACTICALLY ZERO 
FAULT CURRENT 


A. Generator neutral ungrounded, motor 
neutral ungrounded 


B. Generator neutral directly grounded, 
motor neutral ungrounded 


GENERATOR 


585A 


C. Generator neutral grounded through a 
reactor (X¥,=5%), motor neutral ungrounded 


Figure 6. Effect of neutral grounding and 
neutral impedance on line-to-ground fault 
current 


not require any automatic transfer equip- 
ment nor any immediate attention from 
the operator, 


DISADVANTAGES 


1. Increases weight and complexity of 
control, especially for alternating current. 
Equipment for synchronizing is required for 
paralleled a-c systems. Constant-speed 
transmissions for a-c systems require accu- 


rate governing if generators are to be paral- 


leled (with auxiliary-engine drive this 
problem is not so severe). For d-c genera- 
tors, voltage regulators must control within 
very close limits to permit satisfactory 
parallel operation. Furthermore, equalizing 
circuits must be designed and maintained 


carefully, especially if a large number of 


generators is used. 


‘2. Routine monitoring of load balance 
and (for alternating current) reactive kilo- 
volt-ampere balance may be required. 


3. Faults and other disturbances affect 
entire electric system. 


4. Heavier switchgear is required because 
of the greater fault currents available. 


5. Co-ordination problems relating to cir- 
cuit protective equipment are more exacting 
because of the possibility of variable gen- 


eration, and the higher currents involved. 


No general rule can be made since the 
selection here depends, to a large extent 
on the type of utilization equipment and 
the nature of the operations involved. 
Both parallel and nonparallel operation 
have been used sticcessfully in airplanes. 
A-c systems which are subject to loss of 
synchronism through fault or other dis- 
turbances should be designed so that 
they can operate either parallel or non- 
parallel. 
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D. Generator neutral directly grounded, 
motor neutral directly grounded 


GENERATOR” 
174A { 


E. Generator neutral grounded through a 
reactor (X,=5%), motor neutral directly 
; grounded 


Assumptions: 
Generator rated current=100 amperes 
Motor rated current=100 amperes 
Generator internal voltage =100 per cent 


Motor 
Generator (Running Light) 
Reactances (Per Cent) (Per Cent) 
Positive sequence, Xj... .-.01..20..... 2000 500 
Negative sequence, X2........ QO. at eee 920 
Zero sequence, Xo......-.+-- By eee ie 5 


At present, considerable development 


work is being pursued in order to estab- _ 


lish the practicability and performance — 


requirements of parallel operation of 
aircraft alternators from engine take-off 
drives using variable-ratio transmissions. 


Synchronizing Methods for 
Paralleling A-C Generators? 


If the system selected is alternating 
current, and parallel operation is desired, 
the question of how best to synchronize 
the generators is introduced. There are 
several methods available. These are: 


1. Automatic synchronizing, with full 
voltage on both running and incoming ma- 
chines. 


2. Automatic synchronizing, with reduced 
or zero voltage on the incoming machine. 


3. Manual synchronizing, with either full, 
reduced, or zero voltage on the incoming 
machine, 


4, Random manual synchronizing at full 
voltage. 


It is probable that purely random syn- 
chronizing, without any attempt to 
match the phase angles of the generators 
before switching them together, will 
cause undue momentary disturbance to 
the system voltage. At present, con- 
siderable development is in progress on 
equipment for fully automatic synchro- 
nizing, which will parallel a-c generators 
with practically no resulting disturbance. 
However, this involves appreciable added 
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i 


a 


te 


4 - 


weight and complexity in control equip- 


ment, so work is being done also on 
simpler and lighter automatic equipment, 
which will connect generators together 
with little or no excitation on the incom- 


ing machine, building its excitation up 
immediately after switching. This will 


cause some disturbance to the system 
voltage, but may be acceptable in some 
eases. In general, automatic synchroniz- 
ing is expected to be preferable to manual 
means, since manual synchronizing re- 
quires considerable attention and skill 


_on the part of the operator. 


Size and Number of Generators 


The number of generators is selected 
by considerations of vulnerability and 


amount of stand-by power desired for 


emergency use. Generators should be 
distributed among engines as-far as is 
practicable, so that loss of one engine 


_ will not cause too great a loss of genera- 


tion. From the standpoint of weight 
economy, it is important that the air- 
plane not be burdened with excessive 
generating capacity. Stand-by capacity 


‘of 100 per cent is considered to be the 


upper limit, even for military combat 
planes. 

It is desirable to select generators 
which individually are large enough to 
start the largest single load (or group of 
loads which must be started simultane- 
ously). This may seem wumnecessary 


CIRCUIT 
BREAKER 


(NX 
100 %*|), GROUND 
FAULT 


Linn 


A. Grounded system, clearing of line-to- 


ground fault 


CIRCUIT 
BREAKER 


GROUND 
FAULT 


PRIOR ACCIDENTAL 
GROUND ON SYSTEM 


B. Ungrounded system, clearing of line-to- 

ground fault. (As shown, this fault will not 

cause breaker tripping unless an accidental 
ground already exists on the system) 


Figure 7. Effect of grounding on recovery 
voltages. (Voltages are given in per cent of 
normal line-to-ground voltage) 


‘ 
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when parallel operation is used, but is a 
desirable feature, since operation from 
one generator may be feats in an 
emergency. : 

The electric loads can be minetip into 
two main categories, namely: 


1. Those essential to flight. 
2. Allother loads. 


These other loads have varying degrees 
of importance in different planes but 
they are always subordinate to those in 
classification 1. In the selection of the 
amount of stand-by power, this division 
and the degree of importance of other 
loads is am important consideration, 


since service to loads of lesser importance 
may be discontinued in an emergency. 


It is desirable, of course, to lay out the 
system so that the amount of generation 
left on a crippled plane that can still fly — 
will be sufficient to bring the plane back . 
safely. 

In totaling the electric load on an air- 


plane, duty cycle and time of operation 


are important considerations, since many 
of the loads are highly intermittent in 
nature. The peak load requirement must 
be met with suitable stand-by, of course. 
Short-time overload ratings are given on 
aircraft generators to permit proper 
selection for such conditions. 


Use of Auxiliary-Engine-Driven 


Generators to Supplement Main-~ 


Engine-Driven Generators 


An auxiliary set, either hand- or bat-. 


tery-started, is of value for ground opera- 
tions such as electrical testing and starting 


._ the main engines. 


Such a set usually is not supercharged. 
However, at low altitudes it could be 
used to furnish some essential power in 
an emergency, provided that the unit is 
installed in such a manner that it can be 
started after hours of flight at extremely 
low temperatures. 

In cases where the weight of such a 
unit might be considered excessive, it 
can be treated as disposable load, pro- 
vided that the airplane always is to be 
based where auxiliary ground power is 


available or a battery is used that will. 


handle all essential ground operations, 


- such as engine starting in cases where © 


electric starters are used. 
Satisfactory, small, independent, light- 
weight superchargers, suitable for use with 


small auxiliary engines in aircraft which 
must operate at high altitude, and which 


are subject to sudden changes of load, 
have not yet appeared. However, it is 
possible to utilize the first stage (tur- 
bine- or gear-driven) of the main-engine 
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| supercharger for this purpose. 


aircraft, are available or are being « 


possibility is to utilize air from 
supercharger (or cabin waste 
available in sufficient quantity t 
the requirements, and if the su 
dependable under all conditions of op 
tion. [4 


Use of an Auxiliary D-C System a 
With Main A-C Power ie 


* 


most economically aor a eee 
system and, consequently, it seems ¢ 
sirable to maintain such a system eve 
cases where the main power is altern 
current. Such a system may be 
from the main a-c system by su: 
transformation and rectification. I 
or may not have a battery. I 
battery is used, it is important to. 
range the circuits in such a manner 


Distribution-System Design’ 
The fundamental principles of goo 
iste ee eee are the samt m 


veloped. It is beyond the scope of - 


devices for insuring reliable distributi 
system performance with minimun 
weight. This weight should be evalua 
in each specific case when selection among 

types of power systems is to be made. 


Conclusions . 


need for higher-voltage higher-power 4 
systems has required industry to develop 
apparatus rapidly to meet this demand. 
Consideration of the previously enumer-_ 
ated conditions and requirements has — 
resulted in the sélection of the 208Y/120-_ 
volt 400-cycle three-phase grounded- — 
neutral system as one standard for a-c 

systems in aircraft. This choice rep-_ 
Tesents a compromise of the many — 
factors involved. All parts of these sys- 

tems are now undergoing intensive de- 

velopment. These developments entail 
an enormous amount of engineering and 

development work, as practically every 
piece of apparatus in the generation, 

distribution, and utilization systems has 
to be designed especially for 400 cycles 
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nd aircraft use, which requires light-_ 


eight, vibration-resistant designs oper- 
ble at high altitude. 

The selection of 208Y/120 voltae 400 
ycles, and three phases as a voltage and 
fequency level for a-c systems in air- 
raft appeats to be a particularly happy 
hoice, in that this voltage is high enough 
o transmit the required amounts of 
lectric power economically over the dis- 
ances required by the largest planes and 
igh enough for the largest amounts of 
uxiliary electric power in any planes now 
eing designed or likely to appear in the 
lear future. This voltage is low enough 
o that no unusual difficulties are ex- 
erienced in switching, even at high 
Ititudes. It is below the range where 
orona at high altitude becomes trouble- 
ome. Again, it is low enough so that 
t does not constitute a very serious 
lazard to operating personnel from 
accidental contact. Four hundred cycles 
s somewhat less hazardous in this respect 
than 60 cycles.? 

A considerable amount of equipment 
in military planes is now served by 115- 
volt 400-cycle single-phase inverters or 
dynamotors operating from the 27-volt 
d-e system. This apparatus can be 


served directly from the 208Y/120-volt | 


400-cycle system, which probably will be 
adjusted to hold about 205 volts at the 
generator bus so that the utilization- 
equipment voltage will be about 200Y + 
115. In this way, no _ transformers 
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will be required to serve this apparatus, 
and the need for dynamotors or inverters 
will be eliminated, with a consequent 
saving in weight. 

The proposed system will retain a rela- 
tively small 27-volt d-c system derived 
from the main a-c system for control, 
instruments, and other small loads as 
required. Generators will be of the 
conventional type with direct-connected 
exciters. 


Some work has hack and is being done 


- on 120-volt d-c equipment. It is prob- 


able that dual-voltage d-c systems (27 
and 120 volts) will make their appearance 
in medium-altitude cargo or transport 


airplanes where commutation and brush’ 


problems are not so severe and the equip- 
ment is of the nature of hoisting equip- 
ment or similar apparatus for which this 
voltage is well adapted. 

Thus the aircraft industry will have 
the following voltage levels for which 
apparatus already is available or is 
being designed: 


1. For very small planes, such as private 
planes, 6- or 12-volt d-c systems. 


2. For small and medium-sized planes, 
27-volt d-c systems. 


8. For large medium-altitude cargo or 
transport planes, dual-voltage (27- and 
120-volt) d-c systems. 


4. For large high-altitude long-range 
planes, 208Y/120-volt three-phase 400- 
cycle a-c systems. 


’ 
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These voltage levels will probably meet 
the needs of the aircraft industry for some 
time to come. 
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Starting Windings for Single Phase 
Induction Motors — 


C. G. VEINOTT 


MEMBER AIEE 


Synopsis: Methods are given to enable 
the design engineer to determine the best 


starting winding and the best capacitor, 


observations, 


reactor, or resistor required to meet any 
specified requirements. The methods given 
have been in actual use by design engineers 
for over 12 years, and are as useful today as 
they were when developed. Simple circle 
diagrams depict graphically the principles 
involved in the method. Some practical 
based on experience, are 
given. A calculation form, with sample 


calculations, is also included. 


ALCULATION METHODS given 

ws in this paper supply the designer 
with a tool for computing the starting 
performance of any given winding; they 
also enable him to determine the par- 
ticular auxiliary winding best suited to 
meet any given set of requirements. In 


_ this paper use is made of the equivalent- 


_ circuit concept so popular in technical 


“ Z= (r +11) bile) 


expression, 


- small-motor engineering department, 


writing. Also, use is made of the con- 


cepts of open-circuit reactance and short- 


circutt reactance, introduced by Branson 
in 1912,4 followed by Kron,' Boothby,! 
Puchstein and Lloyd,* Himebrook,’ 
Trickey,® and by the author in previous 
pase aif 


Tpeked Rotor Impedance of a 


Single Winding 


A necessary preliminary to the deter- 
mination of starting performance is the 
determination of the locked-rotor im- 


' pedance. Very roughly, the locked-rotor 


impedance is 


(101) 


_ This simple relationship usually is not 


accurate enough for fractional-horse- 
power motor design. A more accurate 
given as equation 2 in 
Appendix I, is 


Z= (ri+12Cy) +jX Cr 


Paper 44-64, recommended by the AIEE com- 
mittee on electrical machinery for presentation at 


the AIEE winter technical meeting, New York, . 


N. Y., January 24-28, 1944. Manuscript submitted 
November 18, 1943; made available for printing 
December 27, 1943. ; 


Cc. G. Vernorr is special development engineer, 
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(102) | 


The coefficients C, and Cr are defined in 
equations 9 and 10 and plotted in the 
form of curves in Figure 2, It will be 
observed that the apparent rotor resist- 
ance is always less than the actual, while 
the apparent short-circuit reactance is 
always greater than the ideal. In the 
derivations that follow, the apparent 
impedance, as defined above, is used 
consistently. 


Starting-Torque Equation for 
Single-Phase Induction Motors 


C. R. Boothby! gave the following 
equation for the starting torque of a 


single-phase induction motor with an 


auxiliary winding. Expressed in the 
notation of this paper, and with one 
anodificaticn, his equation is 


1.88p 


T,= * Kam'Im I, sin (0%—6,) 


(ounce-feet) (103) 


The modification from this original equa- 
tion is the use of the apparent rotor re- 
sistance, fom’, instead of the actual rotor 
resistance, 72m. (See Table I.) Morrill? 
has given a more rigorous derivation of 
the starting-torque equation; equation 14 
of his paper is exactly reducible to equa- 
tion 103. This starting-torque equation 
is applicable to all types of single-phase 
induction motors having two windings in 
space quadrature; it is the basis for the 
remainder of this paper. 


Starting Windings for 
Split-Phase Induction Motors 


The design of the main or running, 
winding usually is fixed by considerations 
of efficiency and breakdown torque. The 


(A) . 


(B) 
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_ graphical manner how various cha: 


_ CK=Iqsin (0m—9q) 


is fulfilled by point D on the diagran 


SEC PATS Da ee 
problem generally is ‘to find: 

possible companion starting wind 
this connection, considerable hel 


given by Figure 3, ‘which show. 


auxiliary winding affect the star 
torque and line current. 
The magnitude and phase position 
the locked-rotor current of the main 
winding is computed from equation 
and laid out in ace 3 as bea a te 


this assumed staining Sea 
semicircle AGB is constructed ° 
AB=E/X,'. Now, take any point | 
this semicircle, C, for example; the line 
AC represents the magnitude and phase 


I,, for some as yet unknown value o 
and the assumed value of X,’. Ino 
words, the semicircle is the locus of 
end of the vector J, as R, is varied, 
other quantities remaining cons 
The line current is OC or the vector s 
of the main- and auxiliary-winding | 
rents. The starting torque is pro; 
tional to the length of CK, since 


The maximum starting torque 
can be obtained by varying R, and I 
ing all other terms fixed occurs when 
is a maximum in length. This condi 


where D is midway between A and G on 
the arc. The maximum starting torque 
per ampere of line current is obtai 
when the ratio CK/OC is a maxim 
which occurs when the line OC is tang 
to the semicircle. In the figure, f 
actually the point for maximum starti 
torque per ampere. + 
This diagram shows a considerable i 
crease in line current between points 
and D for an almost negligible gain ; 
starting torque. The diagram is mo 
helpful in visualizing the factors i 
volved and their interrelationships. I 
not recommended as a routine de: 
procedure; algebraic equations are better 


} 


Figure 1. Equivalent circuit of 

a single-phase induction moto! 

at standstill (revolving-fielc 
theory) | 


(GC) 


uited to this purpose. Such equations 
lay be developed from the diagram. 
‘irst, two distinct starting windings will 
e recognized: a maximum-torque wind- 
mg as indicated by point D, and a 
naximum-torque-per-ampere winding, as 
ndicated by point C. 


Maximum-Torque Windings for 
Split-Phase Motors 


For the maximum-torque winding 


AG 
i — 
" 2 


therefore, by plane geometry 


9m 
2DAH =0_="5 (104) 
By trigonometry 
Beit 0 
cot 9, =cot — = Scam <= 7 cot 6, 
2 sin Om, sin = 
or 
5 Z 
pee (108) 
Ry = ‘m) (106) 


The total resistance in the primary of 
the starting winding is 


‘1a = Ral eq’ (107) 


Table I. 


Equation 106 gives the total value of 
resistance that must be used in the pri-- 
mary winding to obtain a maximum- 
torque winding as shown by point D in 
Figure 3. 

At the AIEE North Pageenn District 
technical meeting in Rochester, N. Y., 
in 1931, P. H. Trickey presented a stu- 
dent paper on starting windings in which, 
by differentiating a form of equation 103 
and finding the value of 7, to give a 
maximum TJ,, he found that 


ta =K?(timt+Zm) 


which is substantially equivalent to 
equation 106. The comparison is inter- 
esting. Trickey’s student paper goes on 
to investigate the maximum-torque wind- 
ing quite extensively. Unfortunately, 
however, this winding is seldom the best 
one to be used, as it results usually in the 
use of more copper in the starting wind- 
ing than necessary and sometimes results 
in low pull-up torque. — 


(108) 


Maximum-Torque-Per-Ampere 
Windings for Split-Phase Motors 


Point Cin Figure 3 defines a maximum- 
torque-per-ampere winding. It is shown 


in Appendix II that the value of Ry, 


corresportding to point C, is 


| Rina! t ZN Kea Xl Xe) 


(109) 
R= a 


(20) 


Equation 109 gives the total value of 
resistance that must be in the auxiliary 


RR RAT Rie, 
1.5 
ia a ee ae, 
| a Wa 
1.3 
RPE ee 
MME Ze 
PeRr Se eal 
2) iad AN Tike a OR OS Ta 
0.9 — | h | 
ire ee a 


ce 


> ae ae es 
ae 
a 1g 
Pasa 
SEes 


iss Dae 
wets el 
eels #4 be 
Li bes, si 
024 6 8 1012 I4 16 18 20 
r 2/x 


Figure 2. Variation of Cr and Cr with change 
in motor-design constants 


phase to obtain a maximum-torque-per- 
ampere winding; the total resistance that 
must be used in the primary winding is 
found by subtracting r2,’, as done in 
equation 107. : 

. Calculation of a maximum-torque-per- 
ampere winding using the form of Figure 6 — 
can be simplified by rewriting equation 
109 in the form 


Xn'Ra RnXa! Zw V Xa! Xa! 


More useful than the above are equa- 
tions giving the required values of R, and 
X,’ in terms of the desired locked-rotor 
current, since the latter quantity usually 
is specified. For a maximum-torque-per- 
ampere winding designed so that the total 
locked-rotor current in the line is Jz, it is 


Windings Only 


Windings With External Impedance in Series 


Main Auxiliary Auxiliary Winding Auxiliary Winding Main Winding 
Winding Winding With Resistor With Capacitor With Reactor 
1. Applied volts E £ E E E 
2. External impedance O O Zax ae ZR ' 
38. Real component of external 
impedance O O Re R, Rr 
4. 7 component of external 
' impedance O O Xx . Nig Xr 
5. Rotor resistance, referred to ; 
primary winding concerned ©» fo, Toa Pea Tas Fons 
6. Apparent rotor resistance ed = Ona ton = Crtea oq tar Yon eter Yan ston 
7. Resistance of primary wind- 
ing Yim ha "ya Tha Tim 
8. Real component of total im- 
pedance Rin =tim +m’ Ra= Rygt hea’ Rar =RatR, Rac=RatRe Rmr=Rn+Rk ‘ 
9, Ideal reactance Xp Nee ’ 
10. Apparentreactance, orjcom- . ; 
ponent of total impedance Xm!’ =CeXm DE MEEN OSs X qr’ =Xq' +Xy Xac =Xq +Xe Xmre=Xm'+Xx 
11. Total impedance Zm=V Rmit+Xm" Za=V Re +Xoq" Zar= A/ Rata) Lege ZmR 
12. Current in one phase = Zig Ig=E/Za Iqr=E/Zar Igc=E/Zae Inr=E/Zmr 
13. Angle of lag of current be- 
hind the voltage Om 0g ' Oar : 9ac . Omr - 
mR 
a DER a panera 1% anes tat On, = tan 0g ae tan Og, 2 tan Pac % tan Onz cee 
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(109a) : Fe 


Motor Constants for Locked-Rotor Conditions et 


Ly 


other factors remain constant. He 
assumed 

fox 

Ka (Xq'/Xm) (112) 


shown in Appendix II that the starting 
- winding has the following constants: 


_Rn+Zm(In/Im) (110) 
* (1/Im)?—1 (25) 
and 

Oe BK (111) 
Ke ni ley—t (18) 


where J,,=locked-rotor current in main 
winding only. 

Of the equations given so far, 110 and 
111 are the most useful. They com- 
pletely specify a starting winding that 


‘gives the maximum starting torque per 


ampere of line current for a given main 


winding and specified value of total 


locked-rotor current. In using these 
equations, however, the current density 
in the starting windings must be checked, 
for sometimes these formulas lead to an 
overworked starting winding. 

In general, the maximum-torque-per- 
ampere winding results in less weight of 
starting-winding copper and works the 
starting winding harder than the maxi- 
mum-torque winding. Practical wind- 
ings often are a compromise between the 
two, and generally favor the former, as 
far as possible. 


_ Alternate Formula for Starting 


Windings for Split-Phase Motors 


The circle diagram of Figure 3 is based 
upon the assumption that R, is the 
variable and all other factors remain 
constant. H. E. Ellis has derived an 
interesting equation from equation 103, 
assuming X,’ to be the variable and all 


K thus becomes a variable in his 


_ analysis. 


Equation 103 can then be rewritten 


Xa! \ { Xm'Ra—RmXa! 
Xm’ LZm(Ra?+Xq"*) 


(113) 


a constant( 


aT, elie Ne 
CS GL) ee, eee 
Li iis ( Rn 


Xm'Ri? 
3Xq/R2+——* =0 (114) 
Rn 


Solving for X,’, one finds that the only 
practical root is 


R mg, 
X= 2 (Xn!-22 sin a) 
An excellent procedure is to calculate 
R, from equation 110, and X,’ from equa- 


tion 115, in place of equation 111. This 
procedure is perhaps the best but, of 
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(115) 


/ 


course, the current density in the starting 


winding has to be watched. 


Resistance-Start Motors 


A resistance-start motor differs from a 


split-phase motor only in that an external 
resistance is used in series with the start- 
ing winding. In such a case, R, as used 


in the preceding expressions, must be 
assumed to include the resistance of the 
external resistor as well as the resistance 
of the motor windings. 


Capacitor-Start Motors 


The locked-rotor conditions of a 
capacitor-start motor are illustrated in 
Figure 4.* Both main and capacitor 
windings are assumed. The magnitude 
and phase position of the main-winding 
current J, is constructed as OA. A value 
of capacitance has been assumed, and:the 
capacitor-phase current J, is laid out 
similarly as AC. Now, if we make the 
assumption that R,,, the total resistance 
in the capacitor phase, remains constant, 
the locus of point C, as the external 
microfarads vary, will be the semicircle 


‘shown having a diameter of E/R,,. This 


assumption is not strictly correct, for 
Ry_ will vary slightly as the microfarads 
are changed (because R, does), but it 
leads to convenient and useful formulas, 
and the slight variation in R,, with 
microfarads can be taken into account, 
as will be shown later. 

The point for maximum starting torque 
is D, found by drawing a tangent parallel 
to OA. It is shown in Appendix III that 
the maximum starting is obtained when 


Ri Rn 16) 


R 
Ge AE ae SL 
“Rn nh y oe cr (28) 


* Some time after these analyses were made, it was 
discovered that W. J. Morrill had shown a similar 
diagram as Figure 4 of his paper,® though he did 
not develop it to the extent done in this paper, 
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is simply | 


Locus of ], as Ry is varied,Xg 
H and K held 


consta nt. 


torque microfarads. Almost with 


for a practical capacitor-start m 


_ the maximum starting torque per am 


(6). Compute the external capacitive re 


(Xa from equation 116 is 
negative number.) 4 
The reactance of the external 


X,=Xae'—Xa’ 


where X,,’ is found from equatic 1 
(Since Xq-’ and X, are both 1 
tive, —X, is the arithmetical sum 


Figure 3. Starting-torque j 


¥ 
' 


Xqc’ and X,’.) Equation 116 is s 

to the one given by Boothby,? w 
rived his expression by a different 
The value of microfarads obtained fr 
equation 116 may be called max 


tion, this value of microfarads is 1 


A much better value of microfara 
that which gives the maximum s' 
torque per ampere, as indicated by 
C in Figure 4. In Appendix III it 
shown that the starting torque pe 
pere is a maximum when 


= Xm "Roe Zui/ Ra (Rm +Rac) Sas 


Soe 
Aac ca 


Thus, the procedure of finding 
number of microfarads that will y 


of line current when the main winding 
fixed, is as follows: 


(a). Compute the algebraic value of Xe’ 
from equation 118. The result will be a 
negative quantity. — : 


actance from equation 117. 
Me 108 
(c). Microfarads = ———___ 
2af(—X, he 
(d). If the value of microfarads so found 
such that its effective resistance, R,, is 
siderably different from the assumed 
of R,, steps (a), (6), and (c) can be repea 
using the correct value of R, to obtain 
This refinement generally is unnecessa 
however. : ‘ 


Calculation of microfarads for maxi 
mum starting torque per ampere using 


ELECTRICAL ENGINEER 


the form of Figure 6 can be simplified 
by Tewriting equation 118 in the following 
form : 


Rn Rac —RnX ac! =Zm \/ RasRing fe 


Equations are developed in Appendix 
III for R,, and X,,’ in terms of the con- 
stants of the main winding and the locked- 
rotor line current. These expressions are 


(1184 


Xm! —Zm(I1/Im) 


Xec’ = (120) 
Iz\? . 
oo ee 
Rn 
Bee 7T 3 (121) 
(2) =1 (34) 


These equations are similar to 110 and 111 
for split-phase motors. However, the 
author has not found them so useful as 
their companion formulas for split-phase 
motors. One reason is that usually it is 


practicable and more advantageous to use 


a lower value of Ra, than equation 121 
indicates. More important, though, is 
the fact that neither equation 120 nor 121 
gives any clue as to the proper number of 
turns to use in the auxiliary winding. 
Hence these two equations are of an 
interest more academic than practical. 


Best Winding for a Capacitor-Start 
Motor : 


Selection of an auxiliary winding and 
capacitor for a capacitor-start motor 
fequires the exercise of judgment and 
experience that cannot be expressed 
wholly in the form of equations. Atten- 
tion must be paid to the voltage Bee 


the capacitor, not only for the locked- 


rotor condition, but also for-all speeds up 
to switch-operating speed. Usually it 


ee DA B=Gac for max. Ts ~ 
“ZGA Bac for max. au y4 


it 
IL 


Figure A. Giattingetotanie’ diagram for a 
capacitor-start motor 


Locus of the end of 
vector Ta, as micro- 
farads are varjed 
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et of Impas Xmp 


is varjed 
\au 
Rmr 


<DAB=Ompfor max. Ts 
<CAB=Onmp for maa, Ty 
3 


5. Starting-torque diagram for a 
reactor-start motor 


Figure 


will be necessary to make a number of 


trial designs before selecting the best one 
to meet the conditions specified. One 
procedure is to assume a starting winding, 
compute the microfarads for maximum 


. starting torque per ampere from equa- 


tion 118, then with this value of capaci- 
tance calculate starting torque, line am- 
peres, and capacitor volts. Ifthe starting 
torque is low, it may be necessary to do 
some combination of the following: 


1. Increase the number of microfarads. 
2. Increase the resistance of the rotor. 


3. Increase the number or turns in the 
auxiliary winding. 


If the capacitor voltage is high, it may 
be necessary to do some combination of 
the following: 


1. Increase the microfarads., 


2. Increase the resistance of the penne 
winding. 


3. Increase the rotor resistance. 


If the locked-rotor current is high, it 
may be necessary to do one or the other 
of the following: 


‘1. Increase the rotor resistance. 


2. Increase the number of turns in the 
atixiliary winding and decrease the number 
of microfarads. 


3. Reduce the breakdown torque by in- 
oe the turns of the main winding. 


Use of the microfarads for maximum 
starting torque from equation 116, as 
shown by point D ia Figure 4, may result 
in some of the aforementioned difficulties; 
more microfarads almost certainly will 
give trouble. It is best, usually, to work 
between points C and D in Figure 4, 
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which means that the value of capaci- 
tance chosen should lie between the 
values given by equations 116 and 118. 


Reactor-Start Motors 


Reactor-start motors are generally 
similar to split-phase motors except that, 
during the starting period, an external 
reactor is connected in series with the 
main winding. A circle diagram of the 
starting conditions of such a motor is 
given in Figure 5. In.Appendix IV, it is 
shown that the external reactance for 
maximum starting torque is 


RaR R 

Bee Bh (mR 

bin we MS ica a Oo 
(ZatXaq')—Xm' (122) 


(44) 


Likewise it is shown that the external 
reactance for maximum starting ik 
per ampere is 


Xpuke’Rnn+ZoV Rna(Re+Rma) x1 
Ra . (123) 
(50) 


Locked-Rotor Line Current for 
Motor With Auxiliary Winding 


If two impedances, Z, and Z, are 
connected in parallel to a voltage E, the 


resultant line current, by Kirchhoff’s laws, 


is 
I= E(Zm-+Zq) 
PE 
=I, Cmte) 7, 2a 

ADRS ete (124) 
or ‘ 
a ; ’ (125) 
where : 
Zma=V (Bn-+Ra)?+(Xm+Xa)? (126) 


‘Equation 125 is a most convenient expres- 


sion for calculating the line current. Tt 
appears in modified forms in ener can 19, 
35, and 48. 


A Practical Calculating Form 


For determination of the best auxiliary 
windings and best winding and capacitor 
combinations, the calculating form shown 
in Figure 6 was devised with the assist- 
ance of H. E. Ellis; it has been of enor- 
mous practical value. It was designed 
for both split-phase and for capacitor- 
start motors. When all the constants of 
both windings (and external capacitor, if 
any) are known, the calculations are 
made in the order listed except that three 
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STARTING PERFORMANCE CALCULATIONS ee 


‘ 
é 
: 
eS) 


SEE RE REESE ER 


| 5.14 | 

| 1-85 | 

[56 _| 

Ch eras 

Bi ae al 

Se eae 

[Xm’Ra_ | Xm’Rac | | St 
Ne Rmxa’ sf —Amxac’ f) | 27-8 | 
 @-@ {| @+® |__| _ 629 | 
SIN (@m-@a) | SIN (8m-@ac) 
(OU GE ee Bn oe 
x1.e8p/F___[ 0.1252 | 0.1252 | 
24[ XIm_ | = XIm_ | 20.6 | 206 | 
[ta | XTae | 10-05 | 9.06 | 
=Ts 
| Rma | Rmac__—si|:—s«3-57_| 13.57 _| 
a kms fae Xmac. | -'2.76 | 2.99") 
[ma | __Zmac__|_13.64 | 13.89 _| 
=Im 2ma/zallImZmac/zac| 25.0 | 24.8 | 
| CM/Ta__| Ec=lacXc | 116-9 | 118.0 | 
Bete. at 20's |VAc=tac® Xe: | ea 
| 224 | 


ea} MFO. | 228 | 


Y3 HP 
TYPE _CAP START 


15 VOLTS 60 CYCLES 


SIGNATURE 


Figure 6. Form for calculating starting per- 
formance 
la 


items may be omitted; these items are 
14 to 16, inclusive, ar 17 to 19, inclusive, 

depending upon the preference of the 
calculator. Such a set of calculations is 
shown in column 1. . 


For calculating maximum-torque-per- 
ampere windings for capacitor-start 
motors, the following procedure has been 
found very useful and helpful. First, the 
known constants of the two windings are 

entered in lines J, 2, 4, 7, 8, 11, 21, 22, 23. 
A value of R, for line 6 is assumed and 
entered. The following lines are then 
computed in the order named: 3, 5, 9, 
17, 27. Line 19 is then computed by 
making use of equation 118a. Then, the 
remaining items are computed and filled 
in in this order: 18, 10, 12, 13, 20, 24 to 
33, inclusive. This procedure yields the 


microfarads for maximum starting torque . 


per ampere, starting torque obtained, 
locked-rotor currents in each winding and 
in the line, and capacitor volts and volt- 
amperes. Whereas X,,’ may be com- 
puted from equation 118 and the items 
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of Figure 6 calculated in consecutive 
order, the procedure outlined reduces 
considerably the numerical computations 
involved. Such a set of calculations: is 
made in column 2. It is seen that the 
capacitor for column 1 was already 
chosen so as to give practically maximum 
starting torque per ampere. As a com- 
parison, Xq, for maximum starting torque 
was computed, and complete calculations 
made as listed in column 3. 
Maximum-torque-per-ampere windings 
for split-phase motors can be computed 
by a similar procedure, using equation 


109a, but usually it is best to determine 


these windings from equations 110 and 
111, or 110. and 115. 


‘Symbols (See, Also, Table I) 


t1=primary resistance 
Y2=secondary resistance, referred to pri- 
mary 


apparent rotor resistance 
5 ee eee ee ee ee 
actual rotor resistance 


: defined by equation 9 
_ apparent total reactance 


"ideal total reactance 
defined by equation 10 


Veinott—Starting Windings for Single-Phase Motors 


, 14( x ee | 
= ; 


primary and-secondary leakage reactances 


Poe ey 


| a 

X =ideal short-circuit reactance. Thi 
the short-circuit reactance the m 
would have if the secondary resist: 
were zero ; bas 

Xo =open-circuit reactance 

T, =starting torque, in ounce-feet 

I;,=total locked-rotor current 

P=number of poles - 


conductors in auxil 
winding 
number of effective 
conductors in main 
winding 
f=tfrequency in cycles per second 
Z=R+jX 
Za=V REX? | 


K =winding ratio= 


| Appendix I 


Locked-Rotor Impedance of Main 
Winding of a Single-Phase —— 
Induction Motor | = 
In Figure 1 is shown the equivalent cir 

of a single-phase induction motor und 

locked-rotor conditions. From inspection | 
of this figure, the apparent impedance of the 
motor is Pam 


Te wz) 
Breiany ewe. 


which can be reduced, by ordinary algeb 
processes, to the form ‘ 


Z=(n4+nC)+GXCr) 
where ; 
Xm? 


~ (260-F Xn) 21? 


C; 


l= gi T 
1 Pit 
a) 


X =“‘ideal short-circuit reactance” 


The equivalent circuit corresponding t 
equation 2 is given'in Figure 1C. If 


are equal ¢ 


XK ¥ 


X= Xe 
Dees 


Xo =x +Xm = X2+Xm = open-circuit 
j 5 reactance (6) 


Xm oly Xm ogee 
Xm +X1 Xmt+X2 Dey 


K,=K;? 


When equations 6, 7, and 8 are used, 
equations 3 and 4 become ; 7 


‘ 


K, 


Cue apparent rotor resistance 
a La py cee ee ; 
1+ (12/Xo)? 


actual rotor resistance 
(9) 
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Hee 
aa X Xo _ apparent total reactance 
1+(t2/Xo) 2 ideal total reactance 


(10) 


Equations 9 and 10, when substituted into 
equation 2, give the identical results re- 
ported 3 in equations 1, 2, and 8 of a previous 
paper,” wherein it was pointed out that the 
same equations were obtained by both the 
revolving-field and by the cross-field method 
of analysis. 

Values of C, and Cp have been plotted on 
Figure 2 to show the range of variation that 
may be expected in any given motor. These 
curves show that, for most practical pur- 
poses, C; may be taken as equal to K,, 
whereas Cz cannot be neglected, especially 


if the rotor resistance is even moderately 


high. Let 


re! =reC; apparent secondary resistance 
(11) 


X’= _x Cr=apparent total reactance (12) 


Then equation 2 becomes 
Za (rni+1e’) + 5X" 


It should be noted in passing that Figure 
1B also applies to a polyphase induction 
motor; hence all equations in this appendix 
apply also to a polyphase induction motor. 


Rereche HI 


Maximum Starting Torque Per 
Ampere for Split-Phase Motors 


Consider point C in Figure 3, which de- 
fines the maximum starting torque per 
ampere. The first problem is to express the 
line amperes, J;, in terms of constants 
already known 


ae 


(14) 
(Line OF is omitted from Figure 3 to avoid 
confusion.) 
But. 
OF =04?+AF +204 AFsin Op 
Therefore . 
OC =0A*+20A AF sin &m 
QmEX m' 
iin om 


che GS) 


The line current is then 


Xm’ \ 
Kae : 


Solving equation 17 for X,’ gives 7% 


=In?+ 


(16) 


=I, (1+ 


But ‘ 


7 |(Rm+Ra)?+ (Xm'+%Xa')? 
iN (RAL KA) 
_ [Refer to equation 125] (19) 
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. 
‘“ 


Ra= 


(15). 


. Eliminating J, between equations 17 and 19 


and solving for R, gives 


Rak SiN Le nee) 


R,= 20 

a x,,' (20) 
padi. OL Lops \Dam! “hake: 
‘x, po eee GN rit 
but, from equation 17 

Xm' +X’ 
Vox Tm (22) 
so, equation 21 becomes 
Re Rms An (la/L, 
— mr allel m) (23) 
AG 2G 
or 

Xq’ 
LS eer (Rn+Zml1/Im) (24) 
m 


Substituting the value of X a’ in equation 18 
for X,’ in equation 24 yields 


Rn+2m(Iz/Im) 
2 
(iz) 
Im 
Equations 25 and 18 define the resistance 
and reactance in the auxiliary-winding 
circuit, which yields a line current of J; and 
a maximum-torque-per-ampere winding. 
These two equations completely define the 
auxiliary winding. If the reactance of the 
auxiliary winding is known, equation 20 


defines the resistance required and equation 
17 the resultant line current. 


(25) 


Appendix III 


Starting-Torque Equations for a 
Capacitor-Start Motor 


CONDITIONS FOR MAXIMUM STARTING 
TORQUE 


Starting conditions for a capacitor-start. 


motor are illustrated in Figure 4. Points C 
and D represent maximum starting torque 
per ampere, and maximum starting torque, 
respectively. 

By the ut of Figure 4 


4D= — 7 =90°+0n — 
DB=180°—AD =90—0, (26). 
or L 

oe 


ac 


7 (ees cos (90— Om) 
ta (—@ac) = 1+cos (90—9,) 


_ a [t= sin Om sin Om, oS fe ‘m— Xm’ 
1+ sin 6, Lint Kent 


or 
=Xze!_Zn~Xn' __ Rn 
Lan tar Z+Xm' 


Veinott—Starting Windings for Single-Phase Motors 


or 


RacRm 


Z4Xpq' (28) 


R 
ae 7 oc. (Zm—Xm') + 


Equation 28 expresses the total net re- 
actance required in the auxiliary phase for 
maximum starting torque. This equation 
checks one given by Boothby,! if allowance 
is made for the difference in notation. The 
quantities given are all algebraic, not vector, 
quantities. 


- 


ConDITIONS FOR MAXIMUM STARTING 


ToROQUE PER AMPERE 


-Maximum starting torque per ampere is 
represented by point C in Figure 4. The 


line current, OC, is expressed by the rela- 


tionship 
=OF'—-CF=0F —AF . (29) 
but 
OF’ =04°+AF'+20A AF COS Om: (30) 
_ therefore fo 
OG =0A?+20A AF cos 0m (31) 
rel OT thin ioe 
12 =In?t+— —x— (32) 
pasa Se a oe | 
[Rese ? 
ley “Ra (33) 
> OF 
Rn j 
=". 34 
nT ey ae ee 


This gives an expression for the total 
resistance in the auxiliary phase. The next 
step is to find a similar expression for the 
total reactance in the auxiliary phase. The 
general expression for line current for a ~ 
capacitor-start motor is 


7 V Bat Rae)*+ Xm! +Xac!)? 
aR Ze ae 
(refer to equation 125) (35) 


Eliminating I, by combining equations 33 
and 35, and solving for Xq;’, one obtains 


Xm mV Rac(Rm+ Rae) 
Ky eae Rana (36) 
_ Remembering that ; 
Xc=Xae'—Xq’ (37) 


equation 36 can be rewritten / 


ae Rui (38) 


_ Equation 88 gives the value of external — 


capacitive reactance to be connected in 
series with the auxiliary winding to obtain 
maximum starting torque per ampere. 

We still have to find X,,’ for maximum 
starting torque per ampere in terms of the 
line current. Dividing numerator and de- 
nominator of the right member of equation 
36 by Rae 


IR 
Xi l= 2, Bn pies 
ac 


Rm/Rac 


(39) 


iva baad 
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By use of equation 33, equation 39 reduces 
to ; : 


Xm’ ae Zm (It/Im) 
oe 
In 


Equations 40 and 34 give the total reactance 
and total resistance required in the auxiliary 


(40) 


phase for a maximum-torque-per-ampere | 


winding having a locked-rotor current of Jz. 


Appendix IV 


Starting-Torque Equations for a 
Reactor-Start Motor 


The starting conditions of a reactor-start 
motor are represented by Figure 5. Points 
C and D represent maximum starting 
torque per ampere and maximum starting 
torque, respectively. 


Maximum Startinc Torque 


“~~ 180°—29, 
AD= tags so) Ss (41) 
_f™ 
BD 90°+6, ay 


Img= ZDAB=—= 
j mR 2 2 


By comparing equation 42 with the deriva- 
tion of equation 28 in Appendix III, it is 
seen that 


Rknn Rng 
aii ee ix! 
mez et F —pe (ZatXa’) (83) 
since 
Xn=Xnn—Xm’ 
R,R CR: 
Be im oF R, fet Xa')— Xn! 


(44) 


Equation 44 gives the value of external 
reactance to be inserted in series with the 
main winding to obtain maximum starting 
torque. - 


r 


Maximum STARTING TORQUE PER AMPERE _ 


In Figure 5, wherein point C represents 
Maximum starting torque per ampere, ; 


OC! -0F - CF -0F -A¥" 
but 
OF =1,2+AF'+2I,A Fc0s 04 


or 


(45) 


2IgE Re 


SO _ 7,2 
2mm Za 


OC =1q?+ (46) 


or 


yale 
™. 


The line current, [;, is also expressed by the 
relation 


V (Rme+Ra)?+(Xmet+Xa)? 
Zmrk 


|refer to equation 125] 


(47) 


In=Iq 


(48) 
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Synopsis: The fundamental relations 
governing operation of the crossed-coil type 
of power-factor meter are derived for the 
particular measurement applications on 
single-phase, three-wire two-phase, three- 


' wire three-phase, and four-wire three-phase » 


circuits. Emphasis is placed on the useful- 
ness of a graph of either the equilibrium 
equation or the torque relation in determin- 
ing the scale distribution. 


URING the past decade or so, the 


continued growth and, in recent 
years, the rapid expansion of distribution 
systems in industry has made industry 


‘more and more conscious of the impor- 


tance of power factor. Although it is 


recognized that the electrical industry — 


is gradually abandoning the concept of 
power factor as an indication of load con- 
ditions and is concentrating more on 
measurement of watts and vars, there 
still are many applications where the 
measurement of power factor is essential. 

The increased demand for the meas- 
urement of power factor on single-phase 
and polyphase circuits has made it 


Paper 44-33, recommended by the AIEE committee 


on instruments and measurements for presentation ~ 


at the AIEE winter technical meeting, New York, 
N. Y., January 24-28, 1944. Manuscript sub- 
mitted November 6, 19438; made available for 
printing December 4, 1943. 


N. P. Mitvar is with the General Electric Company 
at West Lynn, Mass. 7 


* 


Equating the right-hand members of equa- 
tions 47 and 48 and solving for Xz yields 


Kgg aia RnetZeV Rnn(Rat Rms) 


49 
Ra ( ) 
The total external reactance to be connected 
in series with the main winding to obtain 
maximum starting torque per ampere is, 


therefore ‘ 


_Xa!Rna+ZaV Rmn(Rat Rnn) 


x 
R R, 


. 


me Kn! 
(50) 
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Figure 1. Type AD-6 power-factor meter 


Figure 1a. Moving element of a power- 
factor meter, showing arrangement of crossed 
. coils z 


- Power-factor meters of the crossed-coil 
type similar to that shown in Figure 1 
are adaptations of the original Tuma 
phase meter. (See page 546 of refer- 
ence 1.) The Tuma phase meter as origi- 
nally developed is a single-phase in- 
strument for measuring the angle be- 
_ tween two voltages or a voltage and a cur- 
trent. Although the three-wire three- 
phase application of the Tuma phase 
meter is more familiar because of use, it 
will be well to consider the single-phase 
application first because of its relative 
_ simplicity in analysis by comparison. 


Single-Phase Power-Factor Meter: 
Scale Lag—Lead 


The derivation of the fundamental 


relation is adequately covered in the 


‘ 


HIF 6 


LOAD 


Figure 2. Diagram of a single-phase power- 
factor meter 
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*factor-meter applications. 


negligibly small. 


Ficwe 3. Scale dis- 


literature for the single-phase meter. 
However, it will be advantageous to 
review this derivation in order to outline 
the method of attack that will be used in 
the analysis of the polyphase power- 
Figure 2 is a 
schematic diagram of the essential ele- 
ments of a single-phase power-factor 
meter. Coils A and B compose the 
moving element. These coils are rigidly 
coupled to a shaft which is pivoted in an 
essentially uniform magnetic field pro- 
duced by field coil F. An inductance in 
series with coil B and a resistance in 
series with coil A is connected to the 
external circuit as shown in the diagram. 
When current passes through coils F, A, 
and B, fields will be set up, and coils A 
and B will each experience turning mo- 
ments in opposite directions. As A and 


_ B are rigidly connected, the moving ele- 
ment will turn to such a position that the . 


resultant moment acting on it will be 
zero. The deflection D will then be an 
indication of the power-factor angle or 
phase angle between the load current 
and the line voltage. 

Referring to Figure 2, let 


D=Angle of deflection as measured be- 
tween the planes of coils Fand A 

6=Angle between coils A and B 

9=Power-factor angle or angle be- 
tween the load current 7 and the 

- linesvoltage V 

A=Angle of lag between current in coil 
B and voltage V 

a=Angle of lag between the current in 
coil A and voltage V 


Za, Zy=Impedances of circuits A and B con- . 


taining coils A and B, respectively 

tqg=Instantaneous current in circuit A 

1y =Instantaneous current in circuit B 
4=Instantaneous load current 


There will be some mutual inductance 
between the moving and fixed coils, but 
in most applications the effect. will be 
In the derivation of 
the fundamental relations the effect of 
mutual inductance will be neglected. 

If voltage V is taken as the reference 


tribution curves of a 
single-phase power- 


a 


vector from which phase differences are 
measured and the load current J is 
sinusoidal and is lagging, the instantane- 
ous current values are 


4=I sin (wt—@) 


V 
. a= sin (wt—a) 


t Lae (wt— A) 
= Sine — 
2 Zp 
The instantaneous torque acting on 
coil A will be 
ta=Keigi sin D 


or 


V 
t?= sin D sin (wt—6) sin (wit—a) 


a 


and the average torque over one com- 
plete period is 


[ft Jain} zt Poke ve 
a zm T ; Sin (Ww. 


sin (wit—a)di 


where T is the period and is equal to the 
reciprocal of the frequency f. Frequency 
will be assumed constant in the deriva- 
tion. K, is a constant involving coil 
configuration, turns, and so forth. ; 

If the preceding expression is inte- 
grated, the final average torque for coil A 
becomes ; 


K,I1 
T5=1/2) sf | sin D cos (@—a) 
La j 


Similarly, the instantaneous torque acting 
on coil B is 


To Kou sin (D + 8) 


(1) 


or 


oe “| sin (D+ 8) sin (wt—@) X 
b 
sin (wi— A) 


and the average torque over a period is 


y| |snw+o7 rf set —0)X 


sin (wt— A)dt 


433-3 


factor meter for scale 
lag-lead, plotted 
from the equilibrium | 
equation 
B=A 
Curves of 6 
for lagging power 
factor 
Curves of 6 
for leading power 
factor 


N. 


AK -60 
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T= 


or 


120, 2b 


_ degrees and A=90 degrees. 
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POWER-FACTOR SCALE 


Figure 4. Scale distribution of a single-phase 
power-factor meter, for condition of B=A= Fe 
degrees 


Therefore 


aad sin(Da) ess (A) (2) 
Zp 


‘ Now for equilibrium the two torques 
must be equal 


=T, (3) 


| I 
1/2 Ea sin D cos (@—a) 
. ' igs 


=1/2 | *z 4 sin (D+ 8) cos (6— A) (4) 
b 


| The foregoing is the general expression 


for equilibrium, and if the design of the 
instrument is such that 


HED 


then equation 4 reduces to 
sin (D+ 8) cos (@— A) (6) 
In the ideal instrument a=0, 6=90 


For these 
conditions equation 6 reduces to 


Sin D cos@= sin (D+90) cos (6 —90) 


sin D cos (0—a) = 


or 


Sin D cos @= cos D sin 0 


and 

Tan D= tan 6 

from which 

D=06 (6a) 


In practice A is never exactly equal to 90 
degrees, but Laws on page 548 of refer- 
ence 1 has shown that the change in de- 
flection from the unity-power-factor ref- 


erence point is equal to the power-factor 


angle when B= A. 

If we had originally stated that the 
power factor was leading instead of 
lagging, equation 6 would have become 


Sin D cos (@—a) = sin (D+) cos (0+ A)(6b) 


296 TRANSACTIONS 


‘ ia a ns 8? 
. Pee eee O.9PF 
st . ROT ee te 0.8 PF 
tw! og : cs 
fone Ne 
Beate | NOT Tost | 
iat ay ts lad 
Ww hed CT a ip m 3 
5 oa PRANK ak 
i 0.3 ar ea Ge 
Boal (tat INN Nets | 
f De aaiN: 


(5) 


Ww 
ae 


WT iN 


oO” 100 
ee ie ees 


f 


1.0 09 08 06 04 02 0 
POWER-FACTOR SCALE 


Figure 5. Scale distribution of a single-phase 


power-factor meter, plotted from the dynamic 
torque curves 


B=A=90 degrees 
Coil A 
— Coil B 


and for the ideal instrument the de- 
flection 


D==6 (6c) 


Thus we see that for lagging and leading 
power factors the power-factor angle is 
equal to plus and minus values of the 
deflection angle D, respectively. 

Assuming in equation 6 that a is 
negligibly small and solving for D, we 
find that : 

1 


COED = ee 
sin B(cos A+ tan @sin A) 


—cot B (7) 
Figure 3 is a plot of function 7 where 6 
has been set equal to all assigned values 
of A. The full lines represent the curves 
of 6 for lagging power factor, whereas 
the dotted lines are the 6 curves for lead- 
ing power factor. 

If we arbitrarily let the deflection D 
be positive for lagging power-factor indi- 
cations and let the instrument pointer be 


1 (LEAD) 


I(LAG) " 
Figure 6. Wector diagram of a single-phase 
power-factor meter for scale lag—lead 


aligned with the A coil, we are in a posi- 
tion to predict from these curves what 
will happen for any particular value of the 
angle 6 between the coils. For instance, 


if 8=90 degrees and it is desired to have 


a lag-lead scale with a total scale angle of 
90 degrees, the power-factor scale would 
be approximately 0.7-1.0-0.7. This as- 
sumes that at unity power factor the 


M ullar—Crossed-Coil Power-Factor Meters 


: = 
. ier indicates ritdsceles and 


_ angle is still 90 degrees and the 


- may not be mechanically feasible 


Ra PS 


flection D must be +45 degrees, i 
Again suppose p=60 degrees t 


aligned with coil A. At unity pow 
the pointer will indicate 30 degr 
mid scale on the lag side. Conse: 
if it was desired to keep the m 
point the unity-power-factor — 
it would be necessary to adva’ 
pointer 30 degrees on the shaft. 
conventional design of instrumen 


it were feasible, the scale dist 
would be identical to that obta: 
g8=90 degrees. From this far 
curves it is evident that if the 
between the coils is always adj 
that it equals A, the power-factor s¢ 
will have identical distributions. _ 

Figure 4 shows the normal di 
of an instrument for the conditio 
B= A=90 degrees. One obtain 
distribution by projecting the 
factor points from the curve to 
scissa and labeling such points i 
of power factor instead of defle 
The resulting distribution cons 
the power-factor scale. (ae 

The scale distribution can_ al yf 
determined completely from a 
the dynamic torque curves of each1 
coil, If the torque expressions 


kb. / Pax 


PA Sa a lars a 
77 OY) IQUNITY) 


) I(LAe) 
Figure 7. Veetor diagram of a he 


} 


for coils A and B are plotted, for val 
of power factor, the points of inte 
tion of corresponding torque curves 
form a locus of points of * equilibriw 
The points on this locus when proje: 
to the abscissa will uniquely detern 
the scale distribution. . a f 

The dynamic torque curves are also 
valuable in that they describe how torque 
varies with angular deflection fo 
coil. Figure 5 shows a graph of thes 
torque curves where for simplicity 
have arbitrarily set 


Kl Pievaig 
Te ae py Ones \ 
1/2) | 1/2 [: a 


Theoretically it is possible to obt 
a scale of 0-1.0-0 power factor, but th: 
would require an instrument scale an, 
of 180 degrees. In the types AD-6 : 
7 power-factor meters, the maximum 
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Figure 8. Scale dis- 
tribution curves of a 
single-phase power- 
factor meter for scale 
all lag, plotted 
from the equilibrium 
equation 
B=90 degrees 


ra 


-20 10) 20 
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scale for lag and lead is 0.5-1.0-0.5 . senting the ends of the power-factor 


power factor. This is obtained with 
B= A=90 degrees and the pointer aligned. 
with coil A. ; 


_ Occasionally it is required to produce ~ 


a scale alllag or alllead. In the foregoing 
analysis we have seen that theoretically 
it is possible to obtain a scale all lag or all 
lead by mechanically shifting the pointer 
with respect to coils A and B. Mechani- 
eal design may make it virtually im- 
possible to obtain the proper pointer-coil 
relation to give a scale all lag or lead. 
Consequently, it becomes necessary to 
make certain changes in the electrical 
constants. The method for doing this 
is discussed in the following section. 


Single-Phase Power-Factor Meter: 
_ Scale All Lag 


_ In the following analysis let us assume 
a condition in which the scale is all lag, 
that is, unity power factorisat the right 
end of the scale and zero power factor 
at the left end. This analysis can also 
apply to any such scale range as 0.3 to 
0.8 power-factor lag. To do this and still 
keep the same mechanical arrangement 
of coils and pointer as in the previous 
section it is necessary to shift elec- 
trically the 90-degree relation of the 
potential circuits such that the instru- 
ment indication will fall within the pre- 
scribed scale angle. ‘oe’ 
In the standard lag—lead instrument of 
the previous section the current 7, in 
circuit A is in phase with the applied 
voltage and %, is 90 degrees lagging this 
voltage. Vectorially, the voltage V 
and i, bisects the angle of the lead and 
lag load-current vectors which represent 
the extremes of the power-factor scale 
range. Figure 6 shows this vector rela- 
tion. If the scale is to be all lag, then the 
‘current 7, must be made to lag V by some 
angle a such that the current vector tq 
will approximately bisect the angle en- 
‘closed by the load-current vectors repre- 
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4 
ar 


ee 
TA] REG 


scale. Current 7 must also lag V by 
(a+90). To obtain the proper lag rela- 
tion between i, and V capacitance and 
tesistance are placed in series with coil B. 
Current 7, will now lead V by (90—a) 
but can be made to lag by reversing the 
connections. Figure 7 shows the new 
vector relations. By referring to the vec- 
tor diagram in Figure 7 the instantaneous 
current values can now be determined 
and the torque expressions derived. 
The instantaneous currents are 


4=I sin (wi—@) 
& Ve 
=—=—— sin (wi—a) 
MV Ret Lgte? 


V 


‘ie 
sin [wt+(90—a)]} 


Following the previous procedure the 
torque on coil A is 


ve 
f sin (wt—6) sin (wt—a)di 
0 i 


which upon integration yields 


KlV | 


ey 
MAP PE Ete 
sin Dcos (@—a) (9) 


and the torque on coil B is 


KylV. 


p=| ———— 
| V Ry? +1/G7o? 


if 
vi sin (wt—é) sin [wt+(90—a) |di 
0 ; 


in (D+ =x 
sin B T 


or 


KylV 
T)=1/2 a | 
A Ry? +1/Co%0? 
sin (D+ 8) sin (@—a) (10) 
For equilibrium 
Ta=Tp 
When 
Ka > Ko 


SRE+L eat VRyA+1/Gra® 
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Figure 9. Scale distribution of a single-phase 
power-factor meter with scale all lag, deter- — 
mined from the dynamic torque curves 


a=45 degrees 

B=90 degrees 

Coil A 

— Coil B nod 


the equilibrium equation becomes 

Sin D cos (@—a) = sin (D+) sin (0—a) (11) 
For the case hee 6=90, expression 11 
becomes . fuk 
Sin D cos (@—a) = cos D sin (@—a@) | 
or — 
Tan D= tan (@—a) 

from whence 

D=0—a (ita) 


The deflection is now equal to the differ- 
ence between @ and a and not equal to @ 


Figure 10. Diagram of a three-wire two 
phase power-factor meter 


as previously. However a is a constant, 
and the deflection D is proportional to @. 
If equation 11 is solved for D 


(12) 
The plot of this expression for B=90 
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degrees and varying « is shown on Figure 
8. It will be noticed that the scale 
distribution for any one value of a is the 
same distribution as developed in Figure 


_ 4 for the single-phase power-factor meter 


Figure 11. Vector diagram of a three-wire 
two-phase power-factor meter 


with scale lag-lead. In fact, expression, 
12 for a=0 and 6=90 reduces to ex- 
pression 7 for B= A=90. From this we 


could have predicted the Sabian 
would be the same. te 
‘The torque curves of each element de- 
_ picted in Figure 9 are radically different 


from those in Figure 4, but the resultant 


scale distribution is the same. Although 


angle was arbitrarily set equal to 45 


_ degrees for these torque curves, other — 
_ values of a would give similar scale’ dis- 


tributions. The essential difference for 
other values of a would be revealed in 
different values of the angle of deflection. 
By referring again to Figure 8 it will 
be noted that if it is required to have a_ 
scale 0.3 to 0.8 power factor or the current 


_ lags the voltage by 72.5 and 37 degrees, 


respectively, a should be chosen to be 
approximately 60 degrees. As pointed 
out previously, it is necessary to choose 
a intermediate between the angles rep- 


_ resenting the scale ends if the same coil 


and pointer relation is to be maintained, 
namely, the pointer lines up with the A 
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coil. 
scale angle will be approximately a 
degrees. 


Three-Wire Two-Phase Power- 
Factor Meter 


Some applications require the measure-_ 


ment of power factor on three-wire 


two-phase circuits. 

In Figure 10 coils A’and B are con- 
nected in series with resistors to phases 
1 and 2, respectively, while their common 
lead is connected to the neutral. The 
same notation shall be used as previously 
with the exception that ai and ae are the 


angles of lag between the currents in cir- 


cuits A and B and the load voltage. 
These lagging currents are due to the 
meuetye effect of the movable coils. 

_ With reference to Figure 11 which is > 
ite vector diagram for a balanced in-— 
ductive load the instantaneous current 
values for lagging power factor are 


i=I sin (wt—6) 


V } 
= sin (wt—ay) 


a 
as eee | 
ip =— sin (wt+ [90 —ae]) 
yA Nr S 


The coil torques are now 


Kl 
neo - ap atrukt sin(wt —0) x 


sin (wt —ay)dt 
KalV | 
gi 1/9] : |i D cos (6@— a) 
a 
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K,IV]. ah 
2 ao 


T ‘ / 
Re sin (wt—@) sin [wt+(90 — vs) |dt 


Figure 12. Scale dis- 
tribution curves for a 
three-wire two-phase 
power-factor meter, 
plotted from the 
equilibrium equation 


—— B curves for 
lagging power factor 
==B\ curves. for 
leading power factor 
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If this is done, then the resulting « 


m ove” ‘ Ff “ j 4 
Cot D= Ph Bly i See 
sin B : Phy 


_ lation is obtained by the 90-degree ¢ 


Pr ‘ mi eee bce Ris - 
For edule Le ‘must ; 
therefore oe 


1/9| et sin, D cos (0—a)= ea 
21 fe sin (0 Os 
Letting 
Kp 
Ki= Zs nF <r ieee a 


and solving for D results in 


Te 1 tan 6 tan a ; 
Cot D=— cos i, 7 a 
| sin ina tan ¢—— : ——— ]} 


cos. ay 


t(@—oe Suk 
cot. (0a et 
sin B- “a io? ae 


This relation is identical to equ 


Cot D= 


Figure 13 bien aha a threw r 
phase power-factor meter : = 


then Be to 


The graph of ae expression will 
the same scale distribution as th 
phase power-factor meter for 
degrees. Equation 7 is iden 
equation 18 for A=90 degrees, 
essential difference between th 
of a power-factor meter on 
two-phase and a single-phase me 
scale lag—lead is that in the thre 
two-phase application the 90-degree 


placement between phase 
whereas in the single-phase meter 
necessary to lag the current in one 
cuit by the use of a series reactor. oa 

If expression 18 is plotted for ba d 
lead power factors with varying 8, | 
family of distribution curves: will rest ult 
as shown on Figure 12, Each value of f 


ae) 8 


Biecrrrcat ENGINES IN 


7 


will give a different scale distribution, 


The curve that will give the same scale 

listribution as the single-phase applica- 

‘ion is the one for which 6=90 degrees. 
Tt can be seen from Figure 12 that for 


2 given scale angle of 90 egrees with, for 


example, 8=60 degrees that the maxi- 
mum power-factor scale that can be ob- 
ained for a scale all lag or all lead would 
se 0.5 to 1.0 power factor. Also, for a 


“igure 14. Vector idieerers of a three-wire 


three-phase power-factor meter 


cale having both lag and lead with the 
ame scale angle, the maximum range 
vould be approximately 0.8 lag to 0.8 
ead. 


lynamic torque curves as the curves of 
‘igure 5 with the resulting scale distri- 
ution apply to the three-wire two-phase 
yower-factor meter for 8= 90 degrees. 


fhree-Wire Three-Phase Power- 
Factor Meter 


‘Figure 13 shows the connection of a 
ower-factor meter on a_ three-wire 
hree-phase balanced inductive load. 
\gain use is made of the phase relation 
etween voltages to obtain the desired 


ondition for power-factor measurement. . 


fhe only mechanical difference between 
he three-wire two-phase and three-wire 
hree-phase power-factor meter is the 
etting of the coil angle @ and pointer 
seation. Although the mechanical dif- 
erence is slight, the torque and distri- 
mition characteristics are radically differ- 
nt between the two instruments. 


| B=165° 135° 105° 75° 

a 

Se ae ee 
A? ee 


Yo, 
pa | 
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It will not be necessary to plot the 


eo Ky 
mk ————4 d K,.=— 
eae. ke Z 
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In reference to the vector diagram in 
Figure 14 the instantaneous current 
values are : 


4; =I; sin (wt—0) =I sin (wi —@) 


for balanced currents 


V 
ia=5 sin [wt-+(150— a1) | 
a 


bes 
4p =— sin [wt—(150+ a2) ] 
2 


where a,=lag angle between i, and V3» 
and a:=lag angle between 7 and Vs. 
It will be noted that for stability of 
instrument operation it is necessary to 
reverse line voltage Vi3. 

For balanced inductive loads the coil 
average torques are 


nent/4{ 9" | sin D{- sin (6—a1) ~ 
a9 4/3 cos (8 —a)] (19) 
al sin (D+) [sin (@— az) — 


V3 cos (@—as)] (20) 


For equilibrium T,= Ty. Setting T,=T, 
and solving for the deflection D, we have 


rail S 


Cot D 
1— tan 6 cot ay — 
Ki _V3 tand— VB cot a | — 
Ke hi. cosa. sitlas j 
rid tan 6— = 
sin ay, sin ay 
cos sin @ 
/3 =o V3 tan 0 ) 
sin a1 ‘ sin a1 
; ecotB (21) 
where 


db 


If design is such that 


Ki =Ko 
then 
a=ac=—a 


and equation 21 reduces to 


Cot D 


_ tan a(1 —+/3 tan 6) —(tan 6++/3) = 
~ sin B[(tan @—~+/3) — 
tan'a(1+~+/3 tan @)] cot B - (22) 


G32 S 


45° p=15° 


Figure 15. Scale dis- 


three-wire three- 

' phase power-factor 

meter, plotted from 

the equilibrium 
equation 


a=0 
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_ condition of lagging power factor. 


cot D= 


~ ent values. 


tribution curves for a 


In most cases a is small, and 
tan 64++/3 
sin B(tan @—+/3) 
When the power factor becomes zero, 


equation 23 is indeterminate but can 
be evaluated. For power factor=0 


1+ cos | 


sin 6 


Cot D= a + cot B | (23) 


Cot D= -| (24) 


The family of curves resulting from 
equation 23 are shown in Figure 15. 


- Each curve will give one particular scale ~ 


distribution. For any given scale angle 
one can determine from these curves the 
power-factor scale range for any coil 
angle B. r 

Expression 23 was derived for the 
For 
leading power factor the relation for the 
deflection becomes’ > 


tan @— V/3 
sin B(tan 0+4+/3) 


This expression when plated will give the 
same scale distribution as equation 23, but — 
the angles of deflection D will have differ- 
However, for an instrument 
whose pointer is set to bisect the angle 


Se Ht ae (23a) 


between coils, the scale distributon will — 


be symmetrical about the unity-power-— 


factor point for lag and lead conditions 


with any given value of 8. 

The value of 8 most commonly used is 
the one for which 6=75 degrees. This ~ 
angle is selected because the resulting 


scale distribution more nearly approaches 


linearity than any other value of 8. 

If the curve for 8=75 degrees is sepa- 
rately plotted as on Figure 16, the scale 
distribution is more clearly determined. 
It will be noted from this distribution that 
if the scale is to be lag-leadfor a scale 
angle of 90 degrees, the maximum power- 
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Figure 16. Scale distribution of a three-wire 
three-phase power-factor meter for B=15 
degrees 
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Fisute 20. Scale dis- 


1.0 1 
tribution curves of a a8 bet 
four-wire three- Hd 
phase power-factor nets 
meter, plotted from, we 

aed _ the equilibrium 6 06 
a equation nae sts 
F 0.2 ; re 
2 0 iS wo.4 a 
E - 
a 0.2 Co Ove: ke 
Zoe 0.2 ios 
pice 0.1 =e 
w 0.8 ° 
-8 -60 
21.0 
(eo) 
ra 
eae: 
Uo urement. In this case phase-to-neutral 
sid voltages are used instead of phase-to-. 


phase voltages as in the three-wire three- 
phase application. Angle 6 is then 
selected to give the best scale distribution 
for the particular scale range desired. f 

With reference to Figure 19, which is 


te] 02 04 06 080.9 1.0 
. POWER-FACTOR SCALE —LAG 


Figure 17. Scale distribution of a three-wire 
three-phase power-factor meter, plotted from 
the dynamic torque curves 
Coil A ° 

—-- Coil B 


nections schematically shown in Figure 


a=0 
B=75 degrees 
. / balanced inductive load using V3 as the 
factor range will be approximately 0.6 reference vector are 
lag to 0.6 lead. ee 
' Figure 17°is a plot of the dynamic 
torque curves which also show the result-_ 
ing scale distribution. Barring inac- 
_ curacies in graphing, the distribution in 
Figure 17 and Figure 16 are identical. 


- 43=T3 sin (wt —8) =I sin (wt—@) 
BS OV, . ¥ 
ta= — sin (wt+120 — a) 

ee Zee ; 

Vy 
ip=— sin (wt—-120—a2) 

Zp 
_Four-Wire Three-Phase Power- 


Factor Meter 


‘The average coil torques turn out to be 
| KalV 
Ty=1 fl a 


- |sin i—-vax 


sin (@—a1) — cos (8@—a1)] (25) 


The last application that shall be dis- 
cussed in this article is the condition for 


four-wire three-phase power-factor meas- aaa 
K 


. my=1/4 =| sin (D+8) [»/3X 


sin (@—a2) — cos (@—az) ] (26) 


43285 


For 


Kg Ky 
K er =—— 
1 Za and Ke 5 


Figure 18. Disguam of a four-wire three- - 
phase power-factor meter 


the expression for the deflection at equi- 
librium is 


—__ 


Cot D= 


/3—-+/3 tan 6 cot ay— 


tan 8— cot a, 


Va 


K; oY, 
ou : ; COS a2 
K sin 8 /3 tan 6 — =. 
2 ~ sin ay 
sina, coSa: . sina 
V3 —— — —— — tan 9 —— 
V3 Sina; sin a; ' sin ay 
cot B (27) 


When the design is such that 

Figure 19. Vector diagram 

of a four-wire three-phase 
power-factor meter 


K,=Ko, and 1 =a2=a 


Vv, then equation 27 reduces to 
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_ the vector diagram of the instrument con- 


18, the instantaneous currents for a 


degrees. The most common conditior 


M tllar—Crossed-Coil Power-Factor Meters 


-20 O ome, 
DEFLECTION D— D&GREES 


Cot D= ; q 
tan a(+/3— tan 6) —(4/3 tan 0+1) | 
sin B[(4/3 tan @—1) — tan a(+/3+tan 6)] 

cot B ( 
For a=0, which is a practical assump 
a | 


+ cot | 


cot D=—. : 
| V3 tan O+1 
‘sin B(+/3 tan @—1) 


=. 
By direct comparison of equation 29 
23 the similarity that exists will be « 
served. The only difference is it th 
location of the +/3 term. This sli 
difference, however, makes quite a « 
ference in the scale distribution 
torque curves. For the condition w 
the power factor:is zero the evaluc 
indeterminate form of equation 29 
duces to the same expression as eq 
SAS) + Se 
The analysis of the four-wire 1 
phase application is quite simil 
three-wire three-phase case. 
reason details have been omit 
Expression 29 has been derived for 
dition of lagging’ power factor, 
similar expression for leading powe 
would give the same scale distribution. 
From Figure 20 one can see that it is 
possible for a 100-degree scale to ve 
a scale range of 0.9-1.0-0.9 power fact 
if 6 is set equal to approximately 


1 
! 


practice for a lag-lead scale is for 
equal 105 degrees. The scale distri 
tion for this condition is shown in F { 
21. Figure 22 also gives the same dis 
tribution as plotted from the dynam 
torque curves, ‘ oan 
The foregoing analyses show the the 
retical possibilities of scale ranges — 
power-factor meters of the crossed-coi 
type. A variety of scale distributions 
inherent and to a large extent depender 
on the particular circuit applicati 
the instrument. Limitations on r. 
and distribution are necessarily impos¢ 


é 


ELECTRICAL ENGINEERIN 
, bane yt M 


2 
a 


° 
& 


POWER FACTOR 
[o} 
wo 


ay 


anima 
Osan 
-60 -40 -20 (e) 


0 0204 06 08 09 1.0 
~ POWER-FACTOR SCALE 


Figure 21. Scale distribution of a four-wire 
three-phase power-factor meter for B=105 
degrees ‘ 


a=0 


because of mechanical design; however, 
the derived distribution curves for each 
application should prove of value as an 
aid in selecting proper power-factor scale 
ranges for given scale angles of deflection. 


Power Factor of Unbalanced 
Polyphase Circuits 


_ In the previous summary of polyphase 
-power-factor meters, emphasis was placed 
on the application to systems having sym- 
metrical sets of voltages and ctrrrents or 
balanced loads. Although it is beyond 
the scope of this article to analyze mathe- 
matically the effect of system unbalance 
on the measurement of power factor on 
polyphase circuits, it might be well to 
consider briefly this question. It is con- 
ceivable that, for a given condition of 
unbalance, the torque equations of a 
polyphase power-factor meter could he 
derived, and an expression for the in- 
-strument indication obtained. This in- 
dication may or may not be an indication 

of the power factor of the system. The 
question immediately raised is: ‘What 
is the meaning of power factor in a poly- 
phase circuit?’ In the past there has 
‘been some disagreement as to what power 
factor is in a polyphase circuit and only 
‘recently has any definition been re- 
corded. ‘The American Standard Defi- 
‘nition of Electrical Terms” gives several 
definitions of power factor. To quote 
from this publication, they are 


“Power factor is the ratio of active Power 
to apparent power. The power factor Ais 
given by the equation 


A=P/U 

[where P=active power and U=apparent 
power]. It follows that the power factor of a 
polyphase circuit must be designated as 


arithmetic or algebraic to indicate whether 
arithmetic or algebraic apparent power is 
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Figure 22. Scale distribution of a four-wire 
three-phase power-factor meter, plotted from 
the dynamic torque curves 


a=0 

8=105 degrees 
— Coil A 
—-—— Coil B 


usedinthedenominator. If boththecurrents 
and potential differences are sinusoidal and 
if both form symmetrical sets, then 


A= cos (B—a) 


“Vector power factor is the ratio of the 
active power to the vector power... If both 
the currents and potential differences are 
sinusoidal and if both form symmetrical 


Von he oe do ee 


F-33-a3 


Figure 23. Vector diagram of a three-wire 
three-phase balanced resistance load |, = 
Is =/ 


ee 


sets, then the vector power factor is the 
same as the power factor.” 


These definitions clearly suggest that 
three different power factors can be 
realized which are determined by the 
use of arithmetic or algebraic apparent 
power or vector power. For balanced 
systems the three power factors are equal 
for all angular displacements between 
phase voltages and currents. In the un- 
balanced system the three power factors 
are equal only when all phase currents 
are inphase with their respective phase 
voltages and are different for other angu- 
lar displacements. Unity power factor 
is a term that is commonly used to denote 
the condition when a current and a volt- 
age are inphase. 

For an example of the effect of un- 
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balance on instrument indication let us 

take a simple extreme case. Suppose that 

the three-wire three-phase instrument 

shown in Figure 13 is connected to a 

balanced pure resistance load. As unity 

power factor, previously defined, exists 

in this system, let us further assume that 

the instrument is calibrated to indicate 

this unity power factor. Now let us 
unbalance the load by opening the con- 

nection to the load at two, thereby mak- 

ing the current in this phase equal to zero. 

Also let the three line voltages remain a 

symmetrical set and the instrument 

potential circuits be excited. For. this 

extreme condition of unbalance the cur- 
rent vector J, which originally was in- 

phase with phase voltage V3, will now 
have shifted 30 degrees leading V3 since 

it will be inphase with line voltage Vg. 

Although unity power factor still exists 

for the unbalanced condition, the in- 

strument no longer indicates unity power 

factor but is in error by 30 electrical de- 

grees. Vector diagrams shown in Figures 

23 and 24 will serve to ss a these two. 
conditions. 

One can see that it is sane to have 
several combinations of system unbalance 
that might conceivably produce the same 
instrument indication. If this is true, 
then any given instrument indication 
would tell the observer nothing con- | 
cerning the condition of circuit unbalance 
that. produced that indication. Con- 


Figure 24. Vector diagram of a three-wire 


’ three-phase resistance load—balanced voltages 


,=0, =I,=! 


versely, as previously pointed out, for a 
given unbalance an instrument indica- 
tion might be obtained by means of a 
mathematicalderivation that would tie up 
the indication with a particular unbalance 
condition, but what would be the practical 
value of this since the condition of system 
unbalance is already known? 

For the standard adopted application _ 
of power-factor indicators on polyphase 
circuits it is reasonable to assert that, 
unless the polyphase system is balanced, 
the power-factor-meter indication is with- 
out significance. : 
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Crossbar Toll Switching System 
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IN AUGUST of 1943 a new mechanical 
toll switching system was placed in 
service in Philadelphia. It was designed 
by engineers of the Bell Telephone Labo- 
ratories and of the department of opera- 
tion and engineering of the American 
Telephone and Telegraph Company for 
large toll centers, particularly those where 


- most of the offices are of the panel and 


crossbar types. The Philadelphia instal- 
lation was planned before the war. Even 
then it was apparent that a mechanical 


switching system was needed urgently to 
secure faster and more economical switch- _ 


ing. War conditions produced an abnor- 
mal growth in toll traffic that accentuated 
the need for the new equipment. The 
system was therefore installed as rapidly 


as the heavy load of war work on the en- 


gineering and manufacturing organiza- 
tions of the Bell System would permit. 
It is now contributing materially to the 
war effort by providing adequate switch- 


ing facilities for the eee volume of 
traffic. 


This new toll switching system inefades 


the followsng important features: 


niles? ee switching oneemen with 


_ senders and markers. _ 


2 Operator dialing or pate over toll 
lines to panel and crossbar areas. 


3. A cordless switchboard for handling 


traffic which cannot be dialed or pulsed 


through the system by distant operators. 


4, A new rapid method of transmitting 
a, switching codes known as a-c key pulsing. 
4 5. Four-wire switching, that is, the provi- 
sion of separate conductors for voice trans- 
mission in each direction. 


The function of toll switching equip- 
ment is to provide connections that will 
enable subscribers to converse with other 
subscribers in localities too distant to be 
reached over their own local, network. 


_ If the toll areas in which the calling and 
called subscribers are located have a suffi- 


cient community of interest, there may 
be direct circuits between them, and at 


each terminal there will be a switched _ 


connection to a local office. Where the 


Paper 44-42, recommended by the AIEE committee 
on communication for presentation at the AIEE 


winter technical meeting, New York, N. Y., Janu-~ 


ary 24-28,1944. Manuscript submitted November 
10, 1943; ‘made available for printing December ai, 
1943. 


L. G. ABRAHAM is toll transmission engineer, and 
A. J. Buscu and F. F. Suiptry are members of the 
technical staff, at Bell Telephone pLshoratorien; 
New York, N. Y. 
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call involves two toll offices having no 
direct circuits between them, it must be 
routed through one or more intermediate 
toll offices, and switching connections will 
be required at each intermediate point as 
well as at the ofigine ting and terminating 


offices. 


In the past it has been the ordinary 
practice to have every connection made 


x 


by an operator who inserts plugs on the 


two ends of a cord into jacks on which 


the toll lines and trunks are terminated. 


In recent years an improved practice, 
known as toll-line dialing, has been ap- 


plied in a few of the smaller toll areas 


where step-by-step switching equipment 
‘is used in the local offices. 


With this 


method, the outward toll operator who ac- 
“cepts the subscriber’ s call plugs into a 


Figure 1. 
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0 switches in as local office:t to estab 
- eliminated, the outward operator's 


. variety, 


decimal basis. 


9 WILKES-BARRE 
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of De: in tite tite toll 
lect a trunk to the called 
local office. She continues by dia 
subscriber’s listed number to 


1c: 


rung canine by me tel 

‘If intermediate switching is invc ve ed, 
operator also dials the conne 
the intermediate office. Thus 
labor of establishing conne 
mediate and inward toll switchh 


time is reduced since she does not have e | 
pass orders for connections and wait 
them to be established, and the subs 
receives faster service. 8 

In the toll dialing operation j 
scribed, the switching equip 
and local offices is all of the { 
the movement of switches bein ; 
under control of impulses dial 
In areas where 
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care 


Two- WAY . DIALING. at 
| ——ap—=—= ONE-WAY DIALING. 
O = THROUGH DIALING POINT. 


‘ 


Nearly 1,500 dial toll lines 
covering a total of approximately 
77,000 miles are included in the 
network. The numerals in noe 
theses indicate the number of 
tributary exchanges reached at 

each point by ahesy dialing 7 


ELECTRICAL BNonEERING 


+. As ee a Tie eae ee 

eatching. eatineent is of the panel and 
_¢rossbar types, on the other hand, the ac- 
tion of switches is controlled by senders, 
with the aid of decoders or markers. 
‘The new toll switching equipment per- 
mits the introduction of toll-line-dialing 
operation in such areas as well. The 
term “‘toll-line dialing”’ is of generic char- 
acter and includes not only the use of ac- 
tual dials by operators but also the use of 

_keysets and senders that generate signals 
of a different nature. The extent to which 
toll-line dialing is used in the iacoge ea ii 
area is shown in Figure 1. 

There are, of course, many toll-line 
‘groups in the Philadelphia toll office not 
shown in Figure 1. These are groups that 
at present cannot economically be ar- 


ranged for toll-line dialing. Cordless toll 


positions are provided as part of the new 
toll switching system to provide for han- 
dling calls over these other groups until 

such time as they can be arranged for 
toll-line dialing. They are equipped with 
-keysets to direct the establishment of 
connections for the manual groups of lines 
just as connections for the dial groups are 
controlled by dials or keysets at distant 
positions. 


Basic Arrangement 


The crossbar switch used in the new 
_ toll switching system is shown in Figure 2. 
Since it has been described in detail by 
Seudder and Reynolds,! it will be suffi- 
ciert to describe it as a co-ordinate ar- 
“rangement of contacts giving ten lines on 


one ordinate access to ten or 20 on the © 


- other. | 

All toll lines and trunks are terminated 
om crossbar switches, and their intercon- 

“nection is accomplished by senders, con- 
trollers, and markers with their connect- 


ing equipment. These units are common 


either to the entire office or to a substan- 
tial portion of it. The circuits comprising 
‘the common equipment are relatively 
‘complex and expensive, and are held only 
for the brief periods required for estab- 
lishing connections. The information 
needed by the common equipment ‘to 
guide it in setting up a connection is sup- 
plied in the form of a numerical code, usu- 
ally of three digits, by an operator either 
in the same office with the equipment or 
jn a distant office. The code is received 
by an incoming sender, which forwards 
it toa marker. The marker, by means of 
temporary connecting equipment, at- 
taches itself to the switches on which the 
two circuits to be connected are located 
and establishes a connection between 
them. The relation of the common 
equipment to the toll lines, trunks, and 
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Figure 2. A 10 by 20 cross- 
bar all 


switches is indicated by the schematic 
diagram in Figure 3. 


Operating Methods 


The manner in which calls through the 
toll crossbar system are handled from the 
operator’s viewpoint may be demon- 
strated by use of a few examples. 


OUTWARD CALLs. 


Assume a subscriber in Philadelphia is © 


calling a subscriber in Harrisburg whose 
number is 6-5432. The Philadelphia end 
of the connection is illustrated diagram- 


matically by Figure 4. 


The outward operator at a switchboard 
of the familiar cord type will select: an 
idle trunk to the toll crossbar office and 
will then dial or key the code 321, which 
represents Harrisburg, followed by the 
called subscriber’s number, 6-5432. The 
crossbar equipment will use the three 
code digits, 321, to select an idle toll line 
and will then transmit the remaining dig- 
its over the toll line to drive switches to 
the called subscriber's line. The sub- 
scriber’s bell will be rung automatically, 
and, when the subscriber answers, the 
lighted cord lamp in front of the outward 
operator will be extinguished. On sta- 
tion-to-station calls, the operator then 
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starts timing the conversation for charge 
purposes. 
both cord lamps will light to indicate the 
hang-up of calling and called subscribers, 
and the operator will pull down her cords. 
This will release the entire connection, — 


a 
At the end of conversation — 


Now assume ‘an outward callto a 7 
Chicago subscriber. The Philadelphia~ 


Chicago group operates on a ring-down 


basis, and the outward operator, after ‘ 


selecting the tandem trunk, will dial or 
key only the three-digit code representing — 
the Chicago group. The crossbar equip- 
ment will make the connection to an idle 
Chicago toll line and cause ringing cur-— 
rent to be sent over the line. 
light a lamp associated with the toll line 
in Chicago, where an operator will answer i 
the call. The outward operator in Phila- 
delphia, will pass the order to the Chicago 


This will — 


operator, who will complete the call. The — 


outward operator must remain on the — 


4 


connection until the called stibscriber 


answers, in order to start timing, because 


_ supervisory signals to indicate the called 
‘subscriber’s answer and hang-up are not 


returned over a ringdown line. At the 


end of conversation she will pulldown her _ 


cords when the calling subscriber hangs - 
up. This will release the connection 
through the switches to the Chicago toll 
line. 


TO LOCAL 
OFF'S. 


RINGDOWN 


To CHICAGO. 


HARRIS BURG 


sia en 
- ‘CO 
FRAME 
ONNECTOR, . 
OUTGOING 
SENDER 


TO INCOMING 
AND ING 
LINK FRAMES 
Dar var | 


Figure 3. Schematic diagram 
of crossbar toll switching system 
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The inward operator et Chicago tg 


will release her connection upon receipt 
* of a lighted cord lamp indicating that the 
called subscriber has hung up. | 


INWARD CALLS 


An inward call over a dial toll line, il- 
lustrated by Figure 5, requires no opera- 
tor in the crossbar toll area. Assume the 
call is to the Philadelphia number Market 
1234. The distant operator will key or 
dial MAR-1234. The crossbar equipment 
will use the MAR (627) to select an idle 
trunk to the Market local office and the 
remaining digits to drive switches in that 
office to the called subscriber's line. The 
connection will be released at the end of 
conversation when the distant operator 
releases her connection. 

_ An inward call over a ring-down toll 
_ line is represented by Figure 6. In re- 


sponse to ringing current on the toll line, 


a cordless position will be connected auto- 
matically to the line. An operator at the 
position will receive the order for Market 
1234 and will key the complete number— 


MAR-1234—on her keyset, causing the © 


connection to be established as described. 


‘Her position is then released from the 
connection. Since the ring-down line can © 


give no indication at the inward end that 
it has been released at the outward end, 
the toll crossbar equipment must recog- 
nize the called subscriber’s hang-up in 
order to release the connection. This is 
done by equipment in the relay circuit as- 
sociated with the incoming toll line, which 
times for two seconds after he hangs up, 
and, if he has not again removed his re- 
ceiver from the switchhook, releases the 
connection. If the called subscriber 
flashes, if his line is busy, if he fails to 
answer, or if the outward operator rings 
on the toll line, an inward operator (not 
necessarily the one who originally handled 
the call) is again connected to the line, 


and lamps on her position indicate what . 


action should be taken. 


THROUGH CALLS 


The method of handling incoming calls 
‘that are to be switched through the 
office to other toll lines will be obvious 
from the foregoing explanation. The 
need for an operator in the crossbar toll 
office is determined only by the nature of 
the imcoming line. She is not needed 
when the incoming line is of the dialing 
type, regardless of the type of outgoing 
line to be selected. Through traffic is 

illustrated diagrammatically by Figure 7. 


Transmission Aspects 


_ All the longer toll lines of the Bell 
System are four-wire, that is, opposite di- 
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rections of transmission are over separate 
paths, each with one-way amplifiers at 
suitable intervals. These two paths are 


combined by means of a hybrid coil into a — 


single two-wire circuit before reaching the 
telephone at each end. 

At switching offices in this country, 
all four-wire circuits have been previously 
reduced to two-wire by a hybrid coil be- 


fore they reach the switching point and 


thus have been switched as two-wire cir- 
cuits. This is indicated in Figure 8a 
which shows a four-wire. toll line at the 
left switched to a two-wire toll line with a 
terminial repeater. There are limits to 
the transmission efficiency of such ar- 
rangements, since the two-wire junction 
permits speech currents traveling in one 
direction to be reflected partially toward 
the talker at the hybrid coil, thus causing 
echoes. When there are two-wire junc- 
tions at both ends of the circuits, there 
is a closed path around which “singing”’ 
may result. In addition, when cord cir- 


cuit repeaters are added at a two-wire 


switching point there is a two-wire junc- 
tion on each side of the repeater, and more 
echoes result—being made greater by the 
gain of the repeater. A similar result is 
obtained at a “‘switching-pad”’ office when 
gain is effectively inserted by removing 
two-wire switching pads instead of by 
adding a repeater. Since any circuit in 
the office must be capable of connection’ 
to any one of a large number of other cir- 
cuits, which may not all have the same 
characteristics, the balancing network at 
the junction obviously cannot be made to 
balance accurately all of them individu- 


= ally. As a result, a “compromise” net- 
work is employed. A two-wire switching 


point, where cord circuit or terminal re- 
peaters are employed, is thus always a 
potential source of echoes because of the 
necessity of using compromise networks. 
Where the network is associated with a 
a single circuit, on the other hand, as at 
the extreme right of Figure 8a, a precision 


network is used which greatly reduces the - 


echo volume. 
With the new crossbar system all lines 
are terminated on a four-wire basis at the 


_ Switches as shown in Figure 8b. When 


these lines are four-wire circuits, this is 
done by omitting the terminating sets 


with hybrid coils that would normally be 


used to bring them down to a two-wire 
circuit, and by changing the signaling 
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Neo 


means, switching pads, operators’ 


_ general result is obtained by removi 


-repeatered toll line in Figure 8b with 
_ moved. 


lines with terminal-repeaters are s) 


did not have terminal repeaters 


_ that are not used as intermediate 


_high-loss type. 


arr 
LINE 


“CROSSBAR TOLL 
EQUIPMENT 


nections, and other circuit eleme 
four-wire basis. On the two-w: 
lines with terminal repeaters th 


hybrid coil on the office side of the > 
ers. On two-wire toll lines without 
minal repeaters, a hybrid coil is a 
with one two-wire branch tow 
two-wire line and the other to 
balancing network, and with 1 
wire branches connecting to the sv 
The net result is the same as the tw 


iy, 


two amplifiers and switching 
When two four-wire or two-w 


together on a four-wire basis, all so sol 
of cece in ets in: office ¢ are 


nasi between the rected nety 
and its associated line high. 
If the two-wire toll line of Fi 


wire toll line would be removed, th 
fectively inserting gain in the ov 
connection, Because of the high 
at the two-wire hybrid coil, consi 
gain may be inserted in this mann 
allowing greater loss in the nonrep 
two-wire circuit. This greater 1 
mits saving in copper and loadi 
frequently permits omitting a te 
two-wire repeater that would be req 
with a two-wire switching system. 

“With four-wire switching, therefi 
certain of the two-wire lines, chiefly 


long built-up circuits, may be made of # 1 

If two of these high 
lines are to be connected together 
rectly, there may be too much over-all 
loss from subscriber to subscriber. — 
avoid this, repeaters are switched ini 
reducing the over-all loss. There ar 
objectionable effects because of echoe 
singing because at the point where t 
repeaters are inserted the circuit is f 
wire, and thus there are no hybrid 
to act as a source of additional ech 
The hybrid coils, where the four- 
circuit is connected to the outgoing 1 ; 
wire line, are precision networks, 
even with the additional gain the ec 
do not become objectionable, the two-w ire 
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alances with precision networks inserting 
ss in the echo returned toward the sub- 
criber. The insertion of repeaters is 
one automatically depending upon 
darkings associated with the two lines 
onnected. ae 

These high-loss two-wire lines may be 
ines to other toll offices or connecting 
runks to local offices. The determina- 
ion of which trunk should be high loss 
md which low loss depends upon the 
conomy which may be obtained in out- 
ide plant and terminal repeaters com- 
vared to the cost of providing additional 
rain when it is required. 

Switching pads are provided on four- 
vite toll lines and on two-wire toll lines 
vith terminal repeaters to permit the loss 


0 be adjusted for the different types of 


onnections that may be involved. With 
wo-wire switching, special hybrid coil 
urangements and means for inserting or 
emoving switching pads were necessary 


00 permit satisfactory talking in both di- 


ections on four-wire circuits. 
Potentially, four-wire switching offers 
considerable promise. The percentage of 
four-wire toll lines will increase in the 
future both because long circuits tend to 
increase at a greater rate than do shorter 
circuits and because the general use of 
carrier throughout the toll plant will tend 
to reduce the minimum lengths of four- 
wire toll lines which are economical. 
With four-wire circuits and four-wire 
switching in general use, many improve- 
ments in echo suppression and volume 
control would become possible and eco- 
nomical. 
Progress of Calls Through the 
System — 


_ The manner in which a connection is 
established through the crossbar equip- 
gent may be demorstrated by pointing 
out the function of each item of equip- 
ment in Figure 3 as the call progresses. 


For this purpose it is not necessary to 


know the composition of the individual 
parts, which will be described later. 
The crossbar switches on which the in- 
coming trunks and toll lines are termi- 
nated are assembled in groups called in- 
coming link frames, and those on which 
the outgoing trunks and toll lines are 
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terminated are called outgoing link 
frames. These two types of link frames 
are interconnected so that any incoming 
trunk or toll line may be connected to any 
outgoing trunk or toll line. 


DIAL or Key-Pusine Cay 


The example previously used of the 
subscriber in Philadelphia who has origi- 
nated a toll call to Harrisburg 6-5432 
may again be employed, The outward 
operator selects a “‘tandem’’ trunk con- 
necting to the crossbar toll switching 
equipment. Relays associated with this 
tandem trunk in the crossbar system sig- 
nal the sender link frame that an incoming 
sender is required. A controller circuit 
then becomes attached to the sender link 
frame and connects the tandem trunk 


_ through the frame to an incoming sender. 


The operator then keys or dials the code 
321, which is assigned to the Harrisburg 
toll-line group. She also keys the called 
number 6-5432, and these digits as well as 
the code digits are recorded by the sender. 
The sender in turn obtains access to a 
marker and transmits the Harrisburg code 
to it. This code is registered and trans-. 
lated by the marker which causes a route 
relay in the marke to operate. This re- 
lay directs the marker to the proper trunk- 
block. connector where the test leads for 
all the toll lines to Harrisburg are located. 


Upon gaining access to the connector, the 


marker selects an idle toll line and imme- 


diately makes that line appear busy to. 


other calls. 

To connect the tandem trunk to the se- 
lected Harrisburg toll line, the marker 
must identify the incoming and outgoing 
link frames on which these are located. 
The signal identifying the outgoing link 
frame is furnished to the marker over a 
lead from the outgoing toll line through 
the trunk-block connector, while the in- 
coming link frame is identified by a signal 
which the marker receives from the tan- 
dem tiunk over one of the leads through 
the sender link frame, and the sender. 

The marker then gains access to the in- 
coming and outgoing link frames involved 
and excludes all other markers from these 
frames. It then selects an idle path 
through these frames and operates the 
proper magnets of the crossbar switches 
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- trunk-block connector. 


to establish the connection. After this 
the marker releases and disconnects itself 
from the incoming and outgoing link 
frames as well as from the sender and the 
The total time 
required for the marker to perform.all its 
functions is about one second. 

When the toll line to Harrisburg has 
been selected, an outgoing sender will 
become associated with it through a sender 
link frame under the direction of a con- 
troller. The incoming sender will then 
transfer the called number to the out- 
going sender, and that sender will control 
the switching equipment at Harrisburg 
through which the call is completed. 
Upon completion of their functions, the 
incoming and outgoing senders are dis- 
missed. . ; 


Rinc-Down CALL 


When, as in the case of the call to 
Chicago, the outgoing toll line is arranged 
for ring-down operation, the outgoing 
sender is not used. The operator will key 
only the code number of the toll-line 
group. This is sufficient to cause the call 
to be routed to the Chicago toll line as 
described for the previous call. A ring- 
ing signal is then transmitted by relay 
equipment associated with the toll line to 
signal the Chicago operator. 


CaLLs REQUIRING OPERATOR ASSISTANCE 


Incoming calls from ring-down toll 
lines require operator assistance at the 
crossbar toll office as previously men- 
tioned, An incoming signal from such a 
toll line causes the line to be connected 
through an operator link frame to an 
operator position. This position is of the 
cordless type and is equipped only with 
keys and lamps. The operator is auto- 
matically connected to the toll line and 
receives the necessary details of the in- 
coming call from the outward operator. 
She then operates keys which cause the 
called number to be registered in a sender 
associated with the position. This sender 
is then associated with a marker, and the 
callis completed in the manner previously 
described. 

In general, the operator at the crossbar 
toll office is released from tle call as soon 
as the positional sender has completed 
its functions. If the call is not com- 
pleted, as when the called subscriber’s 
line is busy, an operator is reconnected to _ 
the call, and the status of the call is in- 
dicated by lamp signals at the position. 
The operator then makes the proper oral 
report to the calling operator. If the 
crossbar toll operator is required to take 
further immediate action on a call, the 
operator may remain associated with the 
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call even after the called number has been 
registered in the positional sender. This 
is accomplished automatically under con- 
ditions always requiring this association, 
or the operator may operate a key to re- 
tain association with the call. 


THROUGH CALL REQUIRING A SWITCHED- 
IN REPEATER 


If an incoming call from either a dial 
or ring-down toll line is switched to an- 
other toll line of either variety and both 
lines are high loss, a switched-in repeater 
is required. The marker is told by a.d-c 
potential on. a lead of the incoming line 
that it is high loss and by a contact of the 


route relay associated with the outgoing 


. 
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toll-line group that the outgoing line is 
high loss. Under these conditions, as 
soon as the marker has established the 


connection, it will send a signal to the 


outgoing line which will cause it to call 
for a repeater. A controller will there- 


- upon be attached to the repeater link 
_ frame on which the outgoing line appears 
_ and will insert a repeater in the connec- | 
_ tion. The marker and controller are re- - 
_ leased as soon as their functions are com- 


pleted, and the repeater remains con- 
nected for the duration of the call. 


_ Principal Elements of the System 


_ 1. INCoMING AND OvuTGOING LINK 


_ FRAMES 
_A “frame” is an assembly of switches 
interconnected as an electrical unit to 
serve a group of either incoming or out- 
going lines. The incoming and outgoing 


link frames are composed of a primary 


and a secondary bay of switches, each ten 
switches high, with as many supplemen- 


_ tary bays as are required to accommodate 
_ the number of trunks necessary to make 


efficient use of the call-carrying capacity 
of the frame, Incoming trunks appear 


on the primary and supplementary — 


primary bays of the incoming frames, and 
outgoing trunks appear on secondary and 
supplementary secondary bays of outgo- 
ing frames. Each bay has a capacity of 
100 trunks. The links connecting the 
primary and secondary bays are called A 
links, those connecting the secondary 


_bays of the incoming frames and the pri- 


mary bays of the outgoing frames are 
called B links or junctors, and those 
connecting the primary and secondary 


‘bays of the outgoing frames are called C. 


links. Each incoming frame has connec- 
tions to all outgoing frames but none to 
other incoming frames, and the reverse 
is true of outgoing frames. A simplified 
schematic diagram of the arrangement is 
indicated in Figure 9. 


TO FOUR WIRE 
TOLL LINE 


/ 


It will be noticed that A and C links in- 


terconnect switches on a frame, while B 
links interconnect frames. The pattern 
of A and C links is fixed, and there are 
always 200 on a frame in ten groups of 20 


each, so that each trunk has access to 20 — 


A or Clinks. While the distribution of B 
links follows an orderly pattern, it will 
vary with the number of frames, which is, 


of course, a a ie upon the size of the _ 


office, 


There are always at least 20 B eae 


from each incoming frame to each outgo- 
ing frame and therefore 20 paths by which 
an incoming trunk can reach a particular 
outgoing trunk. Each path consists of 
three links in series, and between any one 
incoming and any one outgoing line, a 
particular A link can be used with only 
one particular B and C link, and thus, if 
one is busy, the entire path is unavail- 
able for use on the call. The method of 
selection employed by the markers is such 
that the lowest numbered path, all ele- 
ments of which are idle, is used. This is 
the simplest method and has the addi- 
tional advantage of giving a lower proba- 


bility of blocking a call because of ina- 
bility to match links than wouldarandom _ 


choice of links. 
Since there are only 200 B links per 
frame and 20 links to each opposing frame 


PREC. : 
es 


NET. on 


nila 


sLNET. 


TO FOUR WIRE 


(b) FouR WiRE SWITCH 


Figure 8. Typical transmission patlie through 
switching offices. , 


are required, the size of an office would 
seem to be limited to ten incoming and 
ten outgoing frames. This limit is ex- 
tended to 20 of each, however, by the 
simple device of providing a supplemen- 
tary bay of secondary switches on incom- 
ing frames, and by multiplying Blinks on 
pairs of frames so that each may share the 
links of the other. An office with 20 in- 
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coming frames ¢ 


- Figure 10 depicts half an op 
_ frame, the other half being an 


both halves. 


ment or calls and Sepa 


out the individual trunks of that 


Ue ee 


comparable in size to a ] 
crossbar office. - 
In the Philadelphia install 


Gh ahr of its’ otis may 
sented on that basis. 


2, ‘(OPERATOR LINK FRAMES ; 


As shown in Figure 3, an ope: 
frame is used to connect incom 
trunks to operators’ positions. 
posed of 100-point (ten by ten) 
switches in primary-secondary 
and accommodates 100 trunks — 
primary side and 40 cordless po: 
the secondary side. Each grot 
trunks is ‘served by four links, 
which gives access to ten 


plicate of it with the trunks m 


_ The. establishment of co 
by a group of conti OHeren in 
same manner as the markers di 
nections through incoming and ot 
frames. The controllers gain 


troller connectors consisting of m 
tact relays. 
To obtain substantially anif : 


no Sate call will nes need ou l 
calls which may subsequently 


one of ite admitted mrs a lo 


group which do not have waiting 
Having served all accepted waiting 
in that subgroup, it proceeds to the 
subgroup, treats it in the same ma: 
and so continues until all subgroup 
mitted within the gate have been servec 
It then releases the frame and so mar 
that it will not again serve that frame 
til all other frames having calls waiti 
that time have been served. Whe: 
erators are available, the time requir 
serve a call is less thanasecond. 
Several Precautions are taken to insu 
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ven distribution of the load to operators: _ 


a). A standard pattern for cabling posi- _ 4 
ions to link frames has been carefully con-. 


tructed with that end in view. 

b). Half of the controllers test for idle po- 
itions in one direction, the other half in the 
pposite direction. 

¢). The position appearances on the 
rames are divided into small groups, and a 
controller starts testing with a different 


sroup on each call until a complete cycle has 
yeen made. ; 


3. SENDER LINK FRAMES — 


_ Sender link frames are similar to opera- 
or link frames and are used to give ac- 
ess to both incoming and outgoing send- 
rs. Two-way dial toll lines appear only 
yn incoming sender link frames and obtain 
access to both types of senders through 
them, a portion of the outgoing senders 
xeing multipled to some incoming sender 
ink frames for that purpose. The con- 
1ections through sender link frames are 


lirected by controllers in the manner - 


lescribed for operator link frames. 


{. REPEATER LINK FRAMES 


Repeater link frames are similar in con- 


struction and operation to operator and 
sender link frames but provide 60 links 
siving access to 60 repeaters to serve 100 
mutgoing toll lines. The greater link ca- 
pacity is required because the repeaters 


are held for the duration of the conversa- ~ 


tion. 
5. CORDLESS SWITCHBOARD PosiTIONs 


The switchboard positions are of the 


cordless type, all functions performed by | 


the operator being effected by key opera- 
tions. The physical appearance of the 
switchboard is shown in Figure 11. 

Calls reach a position through three 
channels known as loops, and it is the 
loops which appear on the operator link 
frames. Triplicate channels are provided 
to permit calls which require continuing 
attention by the operator to be held on 
the position and to permit overlap opera- 
tion, that is, the admission of a new call 
to a position before complete disposition 
has been made of a previous call. Each 
loop appears on the position as a key and 
three associated lamps. Normally calls 
are connected to the operator’s telephone 
ircuit automatically, but, when a loop is 
held to her position, she may connect her 
telephone circuit to it at will, and the key 
is provided for this purpose. The lamps 
are ; 


: 


a). A guard lamp which flashes when the 
oop is connected to the operator’s telephone 
ircuit. 5 

b). A busy lamp which is lighted steadily 
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we 


INCOMING LINK FRAME 0 


as long as the loop is held to a trunk through 
the link frame. 


(c). A supervisory lamp which follows sig- 
nals received from the called trunk. © 


A complete sender is associated with 
each position and appears on the marker 
connector frame for connection with the 

marker. To permit overlap operation, 
however, the sender is actually divided 
into two parts, that part concerned with 
the code digits being associated with the 
operator’s telephone circuit and the re- 
maining part functioning independently 
as a normal incoming sender. The two 
parts may be simultaneously connected 
to two different trunks through two of the 
position loops. 

The keyset used by the operator in 
pulsing consists of 11 strips of ten-button 
keys and a start key. The setting of the 
first three stiips is transferred to the 
marker for selection of the called trunk, 
and that of the remaining strips is trans- 
mitted to an outgoing sender, or to a 
sender in a distant office if the outgoing 
trunk is to an office equipped to receive 

_a-c key pulses. 


A number of Jamps and keys common — 


to the position are provided to apprise 
the operator of the proper course of 
action to be followed and to enable her 
-to take the necessary action to meet the 
various conditions which are presented 
to her. . 


6, SENDERS 


The function of a sender is to accept in- 
coming pulses, interpret them, register 
them as numerical digits, and transmit 
them forward for the purpose of control- 
ling switching operations. The wide 
variety of trunks which must be inter- 
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Figure 9. Links between incoming andfout- . 


going trunks 


connected by this system has made it ad- 
visable to provide separate incoming and 
outgoing senders, and to transfer to the 


outgoing senders those digits which must — 
be used to control switching operations in 
distant offices. Although this method of 


operation results in several types of send- 
ers in the office, each sender is less com- 
plicated, since it may be arranged for 
only the kind of pulsing required by the 


trunks with which it is associated. Out-_ 
. going trunks arranged for a-c key pulsing 


do not require an outgoing sender, the 


pulses being sent from the incoming — 
sender directly to a receiving senderinthe 


distant office. . 
There are two groups of incoming send- 


ers, one arranged to receive dial pulses, — 
the other to receive a-c or d-c key pulses. 


Both are arranged to transmit either d-c 
pulses to an outgoing sender in the same 
office or a-c key pulses to a sender in a 
distant office. D-c key pulsing represents 
digits by combinations of high and low 
conditions of two polarities of battery 
over two wires and ground and is limited 
to use between items of equipment in the 
same building. A-c key pulsing employs 
combinations of frequencies in the voice 

range, and may be used for any distance. 

The key-pulsing senders are signaled by a 
d-c potential on a lead of the incoming 

trunk whether to prepare for reception of 
a-c or d-c pulses. 


There are also two groups of outgoing — 


senders, one arranged to transmit either 
the type of pulses required by the equip- 
ment in local panel offices or the type used 
to reach manual offices in a panel area, 
the other to transmit either dial pulses 
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of the type used to drive step-by-step . 
equipment or call announcer pronounce- 


ments to manual offices equipped for their 
reception. A d-c potential on a lead of the 
outgoing trunk tells the sender which 
kind of pulsing to transmit. — 


7. MARKER CONNECTORS 


Marker connectors give incoming send- 
ers and cordless position senders access 
to markers. They are composed of multi- 
contact relays. One marker connector 
_ frame gives 18 senders access to all mark- 
ers through two separate channels. 
sender, therefore, appears twice on marker 
connectors and each marker as many 
_ times as there are marker connectors. 


8... TRUNK-BLOCK CONNECTORS 


A group of outgoing trunks to a par- 


__ ticular destination i is spread evenly over . 


outgoing frames. To enable the marker 

to test the desired group and select an 

- idle trunk, however, it is necessary to as- 
semble test leads representing the group 
at some point. The sleeve and select 
magnet leads of all trunks are brought to 
the trunk-block connector for this pur- 
pose. 

A single connector accommodates 400 
trunks with duplicate appearances and 
gives all markers access to them. A 

block consisting of 40 trunks may be a 
complete trunk group so far as destina- 
tion is concerned, only part of a group, or 
several groups. 

The select magnet lead which is brought 
through the trunk-block connector car- 

_ ries information to the marker identifying 


_ the location of the trunk on the outgoing 


frame. Since it is frequently necessary 
to make temporary reassignments of toll 
lines, the trunk-block connector is supple- 
mented by assignment patching jacks 
through which the sleeve and select mag- 
‘net leads of many toll lines are carried. 


9. MARKERS ; 


; The several hundred relays comprising 
the marker, which is the “brains” of the 
system, form a number of related but 
somewhat independent groups with dif- 
ferent duties to perform. Only the more 
important of these will be discussed. 

One group of relays checks the integrity 
of the leads between the incoming sender 
and the marker. A second group regis- 
ters the three digits comprising the code 
for the outgoing trunk group. A third 

group, part of which are of the multicon- 
tact class, serves to convert the three- 
digit registration into the marking of a 
single terminal which may be cross-con- 
nected to a route relay representing a 
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‘particular outgoing trunk group. These 
route relays constitute another group. 
Each marker is equipped with a route 
relay for each trunk group to be reached. 
The route relay carries contacts which are 
connected to punchings providing infor- 
mation as to the nature of its associated 
trunk group and the means of locating it. 
Some punchings guide the marker to the 
selection of the trunk block on which the 
group appears and tell it where to begin 
and end testing of the trunks in the block. 
Others tell it whether the trunks are of a 
variety requiring the insertion of voice re- 
peaters on some connections and supply 
information to control the action of in- 
coming senders and cordless positions. 
In another group 40 relays are simul- 
taneously connected to the sleeve leads 
of the trunks through the trunk block in 
order to select an idle trunk in the desired 
group. Another group of relays tests A, 
B, and C links, matching them for an 
idle path through the switches of the in- 
coming and outgoing frames. A chain of 
20 pairs of multiwound relays is used for 
this purpose. In setting up a connection, 
an A,aB, and a C link in series form one 
channel, and a set of this sort is connected 


to three of the windings of each pair of | 


test relays. If any winding is energized, 

the associated channel is unavailable for 
use on the connection. The first pair of 
relays in the chain remaining unoperated 
selects the channel to be used. 

__ A set of vacuum tubes and filters is 
used for frame identification, that is, for 
determining on which frames the two 
trunks to be interconnected are located. 
This information is presented to the 
marker in the form of three frequencies 
imposed on the select magnet leads of the 
trunks. The frequencies used are the 
odd harmonics of 85 cycles from 425 cycles 
to 1,615 cycles. 


A-C Key Pulsing 


One of the interesting new features of 
this switching system is the use of a-c key 
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able marking that the circuit over whi 
key pulsing, a KP signal is sent out w. 


-simultaneously. 


. sented by two of the frequencies 700, 


a signal consisting of 1,500 and | 


Be ee, switel 
-, are used to prov 


toll circuits. re -¢ oon s 
however, can go wherever the speech c 
rents can go and at the same speec 
there is no limit on the range of 
method. 
When an operator uses a snitable 


set or when the sender recognizes b 
it is to send a number is equipped for : 


consists of 1,100 cycles.and 1,700 cy 
At the distant end, 
reception of the two frequencies mak 
the a-c key pulsing receiver sensitive p 
further signals. The numbers or let 
are then sent one at a time, each r 
1,100, 1,300, and 1,500 cycles. Fin 
cycles simultaneously is sent to indi 
the end of the number and to make 
receiver insensitive again. The recei\ 
sender then proceeds to set up the 

The receiver is insensitive to other ¢ 
rents such as noise or speech, except 
ing the interval while the signals are’ 
sent. To avoid a false KP signal a: 
protect against wrong numbers duri: 
sensitive interval, the receiver is art: 
so that two and only two frequenc 
indicate a number, If the proper 
are not received, supervisory sign: 
sent back to notify the operator origin 
ing the call by a flashing light that 
must put the call through again, 

By a-c key pulsing, it is possible t 
transmit numbers over any satisfact 
telephone circuit faster than any op 
tor can send them. An incoming 
sender of the new system, for example, r 
ceives numbers from an operator at 
calling end of the trunk at the rat 
about one digit per second, while it 
send numbers over the outgoing trunk 
the rate of ten digits per second. 
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use of pulsitig also gives a one-way check 
of the transmission continuity of the toll 
line. 


Facilities for Handling Delayed 
Traffic 


The cost of long-distance circuits has. 


_to date rendered it imperative to engineer 

them on a delay basis in order to maintain 
toll service at a reasonable cost to the 
subscriber. This means that in the busy 
hours, calls will frequently encounter ‘‘no- 
circuit’? conditions. 
tions it becomes desirable to relieve opera- 
tors of the burden of making repeated un- 
successful attempts to secure a circuit. 
This purpose is accomplished by means 
_of overflow circuits. 

An overflow-control circuit is asso- 
ciated with each toll-line group appearing 
on outgoing frames and permits a maxi- 
mum of from one to four simultaneous 
‘connections to it depending on the size 

of its associated toll-line group. The 
‘trunk circuits affording entrance to the 
overflow-control circuit appear on the 
trunk-block relay along with the asso- 
ciated toll lines. A call for a group hav- 
ing all circuits busy is connected to over 
flow. As long as all circuits are busy, the 

overflow circuit returns a slow flash to all 

“incoming circuits connected to it, and, 

when a circuit becomes available, a fast 

reorder flash is returned. If all circuits 
of a group are busy and all of its asso- 
ciated overflow trunks are also busy, the 

call will be routed to one of a group of 
_master busy trunks common to the office. 
Master busy trunks return a distinctive 
irregular flash. 

The flashes are returned to the originat- 


‘ing operator on calls employing dial toll 


lines or tandem trunks. On calls coming 
in over ringdown toll lines, the cordless 
operator is held if the connection is routed 

to overflow. She is given a lighted over- 
flow pilot lamp, and the loop is automati- 
cally locked to her position so that she 

may subsequently take action when a 
circuit becomes available. 

Occasionally in normal times, very 
heavy overloads of traffic on some groups 
occur because of holiday demands or un- 
predictable catastrophes. Under war 

conditions these overloads occur rather 
frequently. When they occur, calls tend 
to accumulate in quantities which will 
tax the capacity of an affected trunk 
group for'extended intervals. 

Under these conditions, facilities are 
required to enable the operating force to 
serve calls as nearly as practicable in order 

_ of their filing time. For this purpose, a 
manual call-order board is provided. 
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Under such condi- ; 
z ’ calls are assembled at the call-order board. 


: scale is provided for controllers. 


‘ 


This board is Similar to other cord Site: 


boards except that twin plugs and jacks 
are used so that through calls may be es- 


tablished on a four-wire basis. The call- 


order operator establishes a through con- 
nection by first plugging one end of a cord 
into a tandem trunk and keying over it 
to secure the toll line, then repeating the 
operation with the other end of the cord 
to secure the other toll line. Her posi- 
tion is equipped with a ten-button keyset. 
Whenever ‘circuit groups become so con- 
gested that calls cannot be served within 
five or ten minutes, call orders for through 


When congestion develops to the point 
where delay must be quoted, a patch is 


made from the overflow-control circuit 


to a delay-quoting trunk appearing in the 
call-order switchboard. As long as con- 
nections are in overflow, a call-order op- 
erator will repeatedly quote the delay 
indicated by the trunk. When the patch 
has been made, all operators except those 
at the call-order board are denied access 
to the group. The outward operators 
in the. same toll-center area must then 
leave requests with the call-order opera- 
tors to secure circuits for them. 


Maintenance Facilities 


Perhaps the most interesting of the 
maintenance facilities is the marker 
trouble indicator. When a marker en- 
counters trouble in the process of setting 
up a connection, it calls in the trouble in- 
dicator and leaves a record of the trouble. 
The record is displayed on lamps which 
indicate how far the marker had pro- 
gressed with the ‘call, what individual 


equipment items had been involved, and, 


where possible, the nature of the trouble 
encountered. 

A similar trouble indicator on a smaller 
Auto- 
matic routine testing equipment for send- 
ers and outgoing trunks is also provided. 

The new toll testboard associated with 


- the system carries twin-jack appearances 


of toll lines to permit four-wire switching. 
It is also equipped with dialing and key- 
pulsing apparatus to enable it to operate 


_ with the mechanical equipment. 


Traffic Meters 


A comprehensive set of measuring ap- 
paratus-is provided to keep the supervi- 
sory force informed as to the performance 
of the office. This equipment, consisting 
of ampere-hour meters, ammeters, record- 
ing ammeters, message registers, and 
lamps records traffic load carried by vari- 
ous elements of switching equipment, de- 
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layed calls, and other items of interest 
to the office management and to the 
traffic engineer, 


Conclusion 


The new switching system offers many 
improvements over the switching equip- 
ment which has been in use in the large 
toll centers in the past. 

Transmission objectives are met with 
greater ease, and substantial economies 
are made in the outside plant and in re- 
peater equipment. 

It provides facilities which enable out- 
ward toll operators to direct the establish- 


ment of connections without the aid of in- — 


ward or through operators, Thisresultsin 
operating economies and improved serv- 
ice to the subscriber. 
a cordless switchboard to handle traffic 
which must remain.for some time on a 
ring-down basis enables that traffic also 
to be handled more expeditiously and 
with operating economies. 

The use of senders and markers ioe 
controlling the establishment of connec- 


Cordless switchboard 


Figure 11. 


tions will undoubtedly play an increas- 
ingly important part in future long-dis- 
tance switching, since these devices per- 
mit more complete mechanization of the 
long distance operating job. The switch- 
ing system which has been described is, 
therefore, inherently well adapted to meet 
the future requirements of the continu- 
ally improving long-distance-switching 
network now functioning in the United 
States. 
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Restletian of A.C Generators With ? 


Suddenly Applied Loads 


E. L. HARDER 


MEMBER AIEE 


ETERMINATION of the voltage 
drop at the terminals of small 
generators during the starting of rela- 
tively large motors has long been an im- 
portant problem, particularly in connec- 


tion with the starting of large motors on 


-- power-house auxiliary generators. 


In- 


terest in this problem has been greatly 


accentuated by the wartime application 


; of many small a-c generators, in fixed and 
mobile locations, supplying motors of 
_tatings amounting to an’ appreciable 


fraction of the generator rating. It is 
essential in such applications to be able 
to predict accurately the maximum volt- 


_ age drop in order to be sure that motor 


starters on the line will not drop out and 


that motors already running will not stall 


when large additional loads are started. 
Other types of apparatus are critical to 
low voltages of short duration, particu- 


_ larly if such low voltages recur frequently. 
A practical method! has been available 


_ for some time for determining generator 


-voltage-time curves following the sudden 
application of load. In this method the 


_voltage*time curve is constructed by a 
_ step-by-step graphical process. 


In this 


paper equations are derived that yield 


directly the minimum voltage of the 


_ voltage-time curve. The calculation of a 
_ large number of specific cases using both 


these methods has indicated that many 
of the factors. that enter theoretically 


; _ into the problem have practically a small 


effect on voltage drop, and that by using 
avefage or typical values for the factors 
of small importance, the maximum 


_ voltage drop during motor starting can be 


expressed in curves in terms of only a few 
important parameters. 
A general] study has been made to deter- 


_ mine the effects of varying independently 


_ Paper 44-15,/recommended by the AIEE com- 
_ mittees on power generation and power trans- 


mission and distribution for presentation at the 
AIEE winter technical meeting, New York, N. Y., 
January 24-28, 1944. Manuscript submitted 
November 10, 1943; made available for printing 


_ December 2, 1943. 


E. L. Harper and R. C. CuHeex are central station 
engineers for Westinghouse Electric and Manu- 
facturing Company at East Pittsburgh, Pa. 


Development of the mathematical method for the 
determination* of maximum voltage drops is 
abstracted from a thesis, “Suddenly Applied 
Loads on Generators With Quick-Response Exci- 
tation,” by R. C. Cheek, submitted to the Uni- 
versity of Pittsburgh in partial fulfillment of the 
requirements for the degree of master of science, 
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Figure 2. 
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all of the factors entering into the regu- 
lation problem. This study demon- 
strates conclusively that average values 
can be used for the less important factors. 
As_a result it has been possible to pres- 
ent sets of curves that show with ac- 
curacy the maximum voltage drop to be 


expected when motors of any size are 
‘started on generators of various char- 


acteristics. These curves can be used 


without involved calculation and with a 


knowledge of only the most essential 
factors, entering into the problem; 
namely, the full voltage inrush current 
of the motor, the transient reactance 
and the open-circuit time constant of the 
generator, and the response of the ex- 
citer. Tables are included to show the 
average values of these various constants 
for generators and exciters commonly 
used; therefore, a fairly good approxima- 
tion to the maximum drop can be ob- 


tained from the information given in the 
paper without detailed information re-— 


garding the equipment involved. 
Curves of Maximum Voltage Drop 


The final results of the studies de- 


scribed in this paper are the maximum- 


voltage-drop curves, Figure 1, for sud- 
denly applied low-power-factor load. The 
curves apply to a regulating system hav- 
ing essentially the elements shown in 
A direct-acting regulator 
varies resistance in the field of a self- 


excited exciter to regulate the a-c genera-_ 
‘tor voltage. 


This system of regulation 
is the one most commonly used with'a-c 


generators ranging in size from the 


smallest up to machines of several thou- 
sand kilovolt-amperes. While the curves 
were calculated for machines having self- 
excited exciters, they apply approxi- 
mately in the case of large machines 


having separately excited exciters. 


_ Figure 3 is a typical curve of the 
valpanestate behavior of a generator 
under suddenly applied Joad. The cal- 
culated points of this figure were ob- 


' tained by means of equations derived in 


a later section of this paper. When a 
low-power-factor load is suddenly thrown 
on a generator, the terminal voltage 
drops suddenly as shown in Figure 3 be- 


Harder, Cheek—Regulation of A-C Generators 


average values of the gene 


-of Figure 1 is given in Table II 


power factor for the applied loa 


eollabe rege which rere 
ance from the exciter field. ni ee ses 
the exciter voltage to begin b ding 
stopping the downward trend of gen 
tor voltage and bringing this volt 


to normal. The most importa: 


istic is the maximum drop reac’ 
tire dips involve times of 0.5 t 
onds, and the voltage is near 
mum value for several cycles. — 
quently, the maximum drop, 
the low point of a dip, is th 
undesired starter dropout, m 
and other phenomena associated 
low voltage. It is this maximum 
that has been plotted in the cu 
Figure 1. 


2 ee 


ee are given ee various genera 
constants and exciter responses. 
shows probable minimum, m. 


affecting voltage drop. Figure 4 
typical time constants of ‘machines « 
different sizes and speeds. — ee 


A summary of the basis for thi 


though derived on the basis of ne 
load, the curves apply well for t 
static and rotating initial loads 
encountered. The curves we e te 
lated under the assumption o 


is a typical starting power facto 
squirrel-cage induction motors, and 
shown i in a later section wide 


will have little effect on 1 the ma é 
drop. 


In the determination of 1 
voltage drops from Figure 1, ap 
should be expressed in terms of 
generator current at full voltage, 
calculation of the curves the added 
was treated as a fixed impedance. 
impedance of a normal induction motor is 
fairly constant at the locked-rotor figure 
at speeds up to at least 75 per cent of ful 
speed, anda loaded induction motor 
not normally reach this speed during 
short time required for the regulator 
stop the downward trend of ger 
voltage; therefore, in determinin 
mum drops from Figure 1, inde 
motors can be assumed withow 


ieee ENGIN 


4, 
ri 


©, 


ant error to be fixed impedances ia 
1e starting period. 


xample: Suppose a 50- Horehawen 440- 
olt induction motor, having 600 per cent 


farting current at full voltage, is to be 
tarted across the line on a 500-kva genera- 


or of 30 per cent transient reactance. Full- 
ad kilovolt-ampere input for a typical 
1otor of this size is 48.2 kva. The full- 
oltage starting inrush is _ therefore 
X48.2=290 kva or 58 per cent of genera- 
or rating. With a generator time constant 
f 2.0 seconds and an exciter response of 
.0 or higher, the maximum drop according 
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to Figure 1 is 17.5 per cent, or in other 


words the minimum voltage is 82.5 per cent. 


contactor-dropout voltages of 65 to 70 per 
cent and the 70 per cent voltage at which a 
fully, loaded motor of 200 per cent pull-out 
torque would stall if it were already running 
on a line supplied by the generator. 


Factors Influencing Voltage 
Regulation 


The maximum voltage drops have been 
given as functions of four principal pa- 
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rameters 7 namely, added load, generator 


stant, and exciter response. There are a 
number of other factors entering into the 
equations for maximum voltage drop, but 
as will be shown these are generally 
minor factors, which can justifiably be 
represented by average values in deter- 
mining voltage drops. 

In this section all of the various factors 
that affect the terminal voltage of a 


generator during the starting of a large 
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This provides considerable margin above © © 8 gol 


Figure 2. Essential components of excitation 
system with direct-acting regulator and self- 
excited exciter 


« 


motor or other load are discussed. These — 
are taken up in order, consideration being 


given first to generator characteristics; 
second, to exciter characteristics; third, 
to voltage-regulator characteristics; and 
fourth, to the characteristics of the Joad 
itself. In each case, to show the effect 
of a particular quantity, all other quanti- 
ties have been held constant at the aver- 
age values shown in Table II while the 
one quantity under discussion was varied. 
In general, the voltage drop is but little 


‘affected by variations of the minor 
However, from the curves © 


parameters. 
given in this section, approximate cor- 
rections can be made for these lesser 
variables where such corrections are 
warranted. — i 


_ GENERATOR TRANSIENT REACTANCE, %q’ 


in terms of the saturated or sateaqvaltage 
value of transient reactance, %q’sat, Which 
is the value customarily supplied by the 
manufacturer as the transient reactance, 
Xa’, of the machine. ' 

Actually two different transient re- 
actances are recognized by the AIEE 
The rated-voltage transient reactance is 
measured by short-circuiting the machine 
at normal voltage, no load. The test 
involves a transient current of, for ex- 


ample, four times normal current for a 


machine of 25 per cent transient re- 
actance. Since such currents introduce 
considerable saturation, the test gives a 
somewhat lower reactance than would be 
effective during motor-starting duty on 
the generator. 

The rated-current transient reactance, 
on the other hand, is measured with the 
machine voltage reduced at no load so 
that the transient current drawn on 
short circuit is just full-load current. 
Because of the low voltage used in this 
test, about 25 per cent of normal for a 
machine of 25 per cent transient react- 
ance, the degree of saturation is less, and 
the reactance measured is consequently 
somewhat higher than is effective under 
motor-starting duty. 

The transient reactance effective under 
usual motor-starting conditions lies be- 
tween the rated-voltage and rated-cur- 
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~ rent transient eaciancee 
found from test and also by analysis to be 


The curves of Figure 1 are plotted — 


“tt has been 


greater than the rated-voltage value by 
approximately one third of the difference 
between the rated-voltage and rated- 
current values. Figure 5 ‘shows a test 


curve of generator voltage under sud- 


denly applied load without regulator 
action. Calculated curves based on 
rated-voltage and rated-cirrrent values of 
reactance, %q/sat and %a’unsat, Show that 
calculations based on a reactance greater 
than the rated-voltage value by one third 


of the difference between the rated- 


voltage and rated-current values would 
practically have coincided with the test 
curve, except for the initially high sub- 


transient component that appears in the 
test curve. The subtransient component 


was neglected in the two calculated 


curves and elsewhere in the paper be- 


Table I. Typical Values of Principal Factors 
Affecting Voltage Drop* 
Xd Xd’ sat Xp 
Two-pole turbine 1.10 0.155 0.09 
generators...... SSS 4 
0.95-1.45 0.12-0.21 0.07—-0.14 
Four-pole turbine 1.10 0.23 os ae 
generators...... Fe eo a ee 
1.00-1.45 0.20-0.28 0.12-0.24 _ 
Salient-pole gen- 1.15 0.37 0.32 
VEAtOre, sameel-se ee 
. 0.60-1.45 0.20-0.50 0.17-0.40 
: ices jie y 
Exciter respomse............ ———— ‘© 
0.5-3.0 
Regulator oper- 0.05 
ating time, | _— 


Seconds 5.4. ccc tas cbaarh 0.03-0.10 


2 


* Reactances are per unit. 
give the range of values, while those above give an 
average value. 


Table II. 


Summary of Basis of Curves of 
Figures 1 and 6 

The curves of Figure 1 are based on average 

constants and assumptions as follows: 


_ Direct-axis transient reactance xq used in caleu- 


lation = 1.07%’ sat. 


‘ 


‘Direct-axis synchronous reactance xq=1.20 per 


unit 


Quadrature-axis synchronous reactance xg=0.75 
per unit 


Excitation pedisren for saturation at no load, 
normal] voltage —0.20 per unit 


- Regulator equivalent operating time—0.05 second 


Added load—constant impedance, 0.35 power factor 
Initial load—zero 


Regulating system—shown in Figure 2 


The curves of Figure 6 are based on the forego- 
ing assumptions and in addition the following, ex- 
cept for the one parameter varied in each case: 


Xa! est = 0.25 per unit, *@’=1.07 Xxq'at= =0. 268 per 
unit 


T do’ =3.0 seconds 
Exciter response = 1,0 


Added load—a 0.35 power-factor impedance which 
would draw 100 per cent of generator full-load cur- 
rent rating at normal voltage 


NN 
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voltage transient reactance 


enter A arOeee duty is so t 


Wrulines: Datow: the Te oF of 120 per centare as siete 


1.0. To determine the drop, express t 


cause subtransient effects 
over before maximum 
The ratio of rated 


¢ 


1.14 for average standard 
1.3 or greater for more h 
lightweight machines built for 
service. Thus, “greater by one | 
the difference’ means from 1.04 t 
times the rated-voltage val 
The curves of Figure 1 were ra 
using a reactance of 1. O07 Xt enes p- 

as 6a shows the aber i eee 


a only 1. 38. This iHusteated t I 
error involved in the use of th curv S © 
Figure 1 when the effective r 


times inate 


. 


ie is ate two saint in a a 
as xq is varied from 120 gee cent down t 


ally encountered among normal m 
ane. the curves of Rata L can 


differs greatly from 120 per cent. 
curves of nie 1 can Hes used! 


actances sa the applied toad on a: 
kilovolt-ampere base, such that «q on 
new base is 120 per cent, and then ap 
ing the curves. For example, s 
low-power-factor load of 1,500. 
pressed at full voltage) is to be applied 
a 3,000-kva generator having 30 per « 

transient reactance and 150 per « 
synchronous reactance. Suppos 
the generator time constant is 4.0 se 
and the exciter has a nominal respo! 


transient reactance and the applied | og 
on the kilovolt-ampere base upon whic 
xq is 120 per cent. as base i in this c 


ad Peng 


|REGULATOR RE- 
INSERTS FIELD 


J bog OP 
Figure 3. 
voltage-dip curve 
obtained from test 
with calculated 
points (crosses) for 
comparison 


Added load 0.97 


per unit at 0.41 
power factor to 


GEN. FIELD AMPS. 
uw 
So 


tf 
°o 


375-kva — generator 

initially operating at 

0.20 per-unit load, 
1.0 power factor 


OF MINIMUM @y 


CALCULATED TIME 


TIME—CYCLES 


vill be 3,000 120/150=2,400 kva. On 
his base the transient reactance x,’ is 
0X 2,400/3,000=24 per cent, and the 
ipplied load is 1,500/2,400=62.5 per 
ent. From the curves of Figure 1, the 
naximum voltage drop is 15 per cent for 
12.5 per cent load applied to a generator 
laving 24 per cent transient reactance, a 
ime constant of 4.0 seconds, and an 
xciter of 1.0 nominal response. This 
ame maximum drop would be obtained 


vith the machine and load under con- 


ideration, 


SENERATOR OPEN-CircuIT TIME 
Constant, 74,’ 


The maximum Aeoe decreases as the 
ime constant is increased, as shown in 
figure 6c. In general, the time constant 
s longer for larger machines, 
values being given in Table I. In view of 
he relatively large effect of variations 
n this factor, it was selected as one of 
he four main parameters in the calcula- 
ion of Figure 1. 


be : . ; 
SENERATOR QUADRATURE-AXIS 

_ SyNcHRONOUS REACTANCE, %,, AND 
co > 

_ SATURATION, S 


As shown in Figure 6d, variation of 
y has practically no effect on the maxi- 
mum voltage drop. This effect would be 
xpected for low-power-factor loads, be- 
ause for such loads practically all the 
yhenomena take place in the direct axis, 


juadrature-axis effects being relatively . 


inimportant. 

The increased excitation required for 
aturation in normal machines as com- 
ared with that which would be required 
vith no saturation enters into the voltage- 
rop calculation. An excitation at no- 
ad normal voltage 20 per cent greater 
han that required to produce normal 
oltage on the air-gap line was used in 
alculating the curves. Figure 6e shows 
hat the drop is not altered materially 
y varying this factor from. zero to 40 
er cent. The latter figure represents 
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TIME CONSTANT IN SECONDS 


Tdo OPEN CIRCUIT TRANSIENT 


() 
(° J ier Sh [0 ie) 50 
RATING IN wiscunies OF KVA 


’ Figure 4. Typical open-circuit time constants 


of machines of different sizes and speeds 


a machine having Ae -average satura- 
tion. a 


EXCITER RESPONSE 


‘The voltage of a self-excited exciter 
builds up at an accelerating rate in an 
exponential curve until limited by satu- 
ration. The time constant of the ex- 


ponential increase is directly related to_ 


response as defined by the American 
Standards Association, as will be shown 
in a later section. Below saturation the 
exciter voltage increases 2.718 times per 
time constant. 

As shown in Figure 6f, maximum gen- 
erator voltage drop is reduced sharply by 


an increase in response up to 1.0, but be- 


yond this point the gain is not as pro- 
nounced. The curve is based on a genera- 
tor time constant of 3.0 seconds. With 
shorter generator time constants, in- 
creases in the exciter response above 1.0 
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Typical 


tor: 


- operating time may be slightly greater or 
less than this figure. 


will reduce the drop more than indicated 
by the curve. 


REGULATOR OPERATING TIME 


After the voltage drops, the regulator 
requires a finite time to short-circuit the __ 
resistance in the exciter field circuit. 
While this is not an instantaneous proc- 
ess, an equivalent regulator operating 
time can be used with negligible error. 
Sudden short-circuiting of the resistance 


at the regulator operating time is a 
equivalent to the actual gradual removal __ 
of resistance. The curves of Figure 1 are _ S 
based on a “regulator operating time” bi 
of 0.05 second, a fairly representative 
value for the direct-acting-type regula- By! 


As shown in Figure 6g the dropis 
increased only 0.7 per cent out of 25 per 
cent, if this time is doubled; consequently, 
no great error is made in using the curves _ 
of Figure 1, based on a regulator operat- 
ing time of 0.05 second, for cases where ‘f i 


a 
The initial load on a generator in- i 
fluences the voltage drop when addi- me a 
tional load is suddenly applied. As foe 
shown in Figure 6h, a static or constant- 
impedance initial load reduces the voltage — 4; 
drop caused by suddenly applied load. 
However, a load that draws additional oe 
current as voltage decreases may in- 
crease the voltage drop. Such loads will 
be referred to herein as “dynamic” 
loads. For example, a running saductiont 
motor may drop slightly in speed during | 
the voltage dip so that it actually draws — a 
an increased current and thereby increases 
the maximum voltage drop. The dy- a ¥ 
namic initial load curve of Figure 6h is 
based on an initial load that draws con- 
stant kilowatts and power Taos as the 


INITIAL LOAD © 


A 


voltage varies. aa a 
100 aie, | 
oF. 
es 
B92 si i 
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2 ¢ 
Bye a5 
= a 
z . 
p68 “a 


TIME- Seen Ry 

Figure 5. Test and calculated voltage—time “3 

curves of an a-c generator with a suddenly 
applied reactive load 


No regulator action. Subtransient effects ey 
were not considered in calculated curves 
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MAXIMUM DROP —PER CENT 


MAXIMUM DROP—PER CENT 
fo} 


MAXIMUM DROP—PER CENT 


10) 
° 010 020 030 040 050 060 


PER-UNIT SATURATED TRANSIENT REACTANCE Xq’sat . 


* (a). Generator transient reactance, Xq'sat 


040 060 0.80 - 1.00 


1.20 
» QUADRATURE SYNCHRONOUS 
REACTANCE Xq — PER UNIT 


(d). Generator quadrature “synchronous re- 


actance, X¢ 


7 : 4-15 ~69 
Semi le mee 
fel 


0.30 


0.25 
} REGULAR OPERATING TIME ~SECONDS 


Oo 005 O/0 015 0.20 


(g). Regulator operating time, h 


An initial load is usually some com- 
bination of static and dynamic loads, and 
the voltage drop with additional sud- 
denly applied load is therefore inter- 
mediate between the drop with an initial 
load entirely dynamic in character and 
the drop with entirely static initial load. 


Figure 6h indicates that the drop for such 
an average initial load condition is about 
the same as with no initial load; thus the . 
- curves of Figure 1, which were based on no 


initial load, apply with sufficient ac- 
curacy for most purposes where initial 
load is present, if such initial load is 


made up of a combination of static and — 


dynamic: load. 


CHARACTERISTICS OF APPLIED LOAD 


The curves of Figure 1 are based on a 
constant-impedance applied load, which 


as has been pointed out can be used to 


represent an induction motor during the 
starting period. In the curves the power 
factor of applied load was taken as 35 
per cent, a typical motor-starting power 
factor. The maximum voltage drop is 
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MAXIMUM ‘DROP—PERCENT 
5 : 
oO 


ATIO 


SHORT-CIRCUIT R 
15 1.2 


‘ (@) a Be 
0.40 0.60 0.80 100 1.20 140 60 
SYNCHRONOUS REACTANCE X%g ~ PER UNIT 


(b). Generator synchronous reactance, xq 


MAXIMUM DROP— PER CENT 


fo) 0.10 0.20 030 040 
EXCITATION FOR 
SATURATION — PER CENT 


_ (@). Generator saturation, 5 


MAXIMUM DROP —PER CENT. 


20 40 60 80 100 
INITIAL LOAD — PER CENT 


(h). Type and amount of initial load, assumed 
at 0.80 power factor 


Figure 6. Effect of various factors on maxi- 


mum voltage drop when 100 per cent low- 
power-factor load is suddenly applied to an 
a-c generator ; ‘ 


For each curve only the factor given as the 
abscissa was varied, other factors being kept 
constant at values given in Table I 


practically the same for all power factors 


from zero to 40 per cent but decreases’ 


rapidly for power factors above this 
figure, as indicated in Figure 6i. 


Equations for Maximum Voltage 
Drop 


In this section equations are derived 


into which machine and load quantities 


can be substituted to give directly the 
minimum voltage of the voltage—time 
curve of a generator under suddenly 
applied load. A simple mathematical 
expression for the build-up of voltage of a 


self-excited exciter is derived, based on 


the ASA definition of nominal response. 
This expression is substituted into the 
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MAXIMUM DROP—PER CENT 


“voltage under closed-circuited a 


is solved, yielding an expression 


- derived. The time of minimum - 


_ minimum internal voltage, from 


ES anh? 3 ee 
OPEN-CIRCUIT TIME CONSTANT Tad - 
a 


(c). Generator open-circuit time cons' 


MAXIMUM DROP — PER CENT 


Rg 
a | 


40 


oS be 
f 


J t LJ 
Ihe 


bees E 
BRRRASSER 
oles. it a 
0 020 040 060 0.80 1.00 4.20 | 

POWER FACTOR OF APPLIED LOAD = 


MAXIMUM DROP—PER CENT 


i). Power factor of applied load 4 


differential equation of generator int 
conditions, and the differential 


internal voltage as a function of 
An equation for the time at whic 
internal voltage is at its minimum 


determined by means of the latter 
tion, can be substituted into the g 
tor-voltage equation to determin 


‘the terminal voltage can re 
determined. = es, 

| ae 
ANALYTICAL APPROXIMATION OF ExciTE 
Bui.p-Up . z 


a ae ; 


nominal slip-ring voltage on the vol 

time curve and continuing for on 

second, under which the area is the 

as the area under the actual no-load build- 

up curve over the same half-second in- 
c neee 


al e MW ‘Characteristics Sat arent: and 
4 Exciters Used in Tests 


- 


Group 1 Group 2 

Transient react- 

-amce, %d'sat...... 0.218 per unit. .0.170 pee unit 
Synchronous rheae: 4 

OCR Eee teal UR ee ne 0.715 
Quadrature syn- 

chronous — react- 
BRACE XG 6 ou). vins su QOOOy nous y ie wk 0.48 
Open-circuit time 

constant Tdo’..... 1.61 acanae. . 1.40 seconds 
Excitation required 

for saturation at 

no-load normal 
Baroltage 0.0). 4... 0. 183 per unit. .0.312 per unit 
Exciter response..... UG EIA tort aka Os 2.77 


terval. Nominal slip-ring voltage is the 
voltage required at the slip rings of the 
main generator to generate full load at 
rated power factor. An illustrative cal- 
culation of nominal exciter Js Sued is 
given in Figure 7. 

The definition of nominal response 
suggests a means of approximating ana- 
lytically the voltage-time curve of an 
exciter when the only information avail- 
able about the exciter is its nominal 
response. In a self-excited exciter, ter- 
minal voltage builds up with an exponen- 
tially rising characteristic, following this 
characteristic until saturation limits it to 
a ceiling value. Over the unsaturated 
region of build-up, the voltage can be 


Be resented by an expression of the form _ 


ee =e, el/Te 


(1) 


The curve ‘of Tete 8. gives - divectly 
values of T, as a function of nominal 
response. The derivation of this curve 
is given in Appendix 1. Exciter build-up 
can be represented by substituting into 


equation 1 the value of T, from Figure 8 
corresponding to the response of the 


actual exciter. The initial exciter volt- 
age, determined. by the excitation re- 


quirements. of the main generator under 


load conditions preceding sudden appli- 


. cation of additional load, should be sub- 


in which e, is the initial wales of ez, that. 


is, the voltage at =0, e=2.718, and T, 
is a time constant depending upon ex- 
citer field and armature characteristics. 
Equation 1 can be used to represent the 
effect of an actual exciter by choosing the 
time constant T, so that the resulting 


the actual exciter build-up curve. Such 
a curve, having the same nominal re- 
sponse, will then follow fairly closely the 
actual exciter curve over the half-second 


range beginning at nominal slip-ring 


voltage, and it can be used as a good 
approximation for voltages below nominal 
lip-ring voltage. Maximum voltage dip 
nofmally occurs with small and medium 
sized generators within one-quarter to 
me second after sudden application of 


oad, and any departure of the analytical 


ipproximation from the actual curve 
Within stich times will be negligible. 


Jse of the nominal response, which is 


yased on the no-load build-up curve of the 
xciter, to represent exciter build-up 
inder load conditions, is a justifiable 
pproximation for usual exciter pro- 
ortions. This will be shown later by 
omparison of tests with calculations in- 
olving this approximation. 

re. 
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stituted for e,. Figure 7 gives a compari- 
son of a typical exciter build-up curve 


_ with its analytical approximation, equa- 
_tion 1. 


i 


GENERATOR-FIELD-CircuIr EQuarTIon, 
ARMATURE OPEN-CIRCUITED 


Tn the, analysis of generator voltages 
and currents that follows, attention 
will be confined to effects in the main 
field and armature circuits, that is, sub- 
transient currents in damper windings 
and pole faces will be neglected. The 
reason for this is that the time constant 
of decay of these subtransient effects 
is so short (on the order of two or three 
cycles) that their duration is negligible 
compared to the duration of the transient 
component. The transient time con- 
stants of normal machines and the time 
required for normal exciters to build up 
are so long by comparison that sub- 
transient effects will have disappeared 
after a sudden change in the armature 
circuit long before the lowest point of the 
voltage dip is reached. ¢ 

The differential equation for the field 
circuit of a generator with open-circuited 
armature is that for a simple series circuit 


_ with inductance and resistance: 
curve has the same nominal response as 


diy |. 
La trisaes i : (2) 


In equation 2, L is field-circuit induct- 
ance, ty is field current, 7 is field resist- 


ance, and ¢, is exciter voltage, fixed or 
If this equation is divided: 
through by 7, and L/r7 is denoted by 
Ty’, the time constant of the field cir-. 


variable. — 


cuit when the armature is open-circuited, 
it can be written _ 


(3) 


If 7, in equation 3 is expressed as a per- 
unit quantity in which one unit is the 
amount of field current required to 
produce unit voltage at no load on the 
ait-gap line of the machine, it becomes 
identical with the per-unit value of eq, 
the direct-axis synchronous internal volt- 
age. That is, for each per-unit of value 
field current there is an equal per-unit 


. 
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value of ¢@. 


Likewise e,/r can be ex- 
pressed in per-unit terms where one unit 


is the field current required to produce. 


unit voltage on the air-gap line. If one 
unit of e, is taken as the exciter voltage 
required to force unit field current through 
the field resistance r, equation 3 can be 
rewritten in per-unit terms as follows: 


de, 
ye Hy tee =€x 


FIELD-Circuit EouaTion WitH CLosEep- 4 


CIRCUITED ARMATURE 


When a sudden change takes place in 
the armature circuit of a generator, ae 


nearly all the internal voltages of the 
machine, including e,, undergo an in- 
stantaneous change. 
that does not change instantaneously 


during a transition from one operating 


condition to another is eg’, the direct- 
axis transient internal voltage. This’ 
quantity is proportional to the total 


flux linkages with the field winding, which 
cannot undergo an instantaneous change. — ; 
The fact that eg’ does not change during 


a transition makes it a convenient quan- 
tity to use in analyzing the effect of 
sudden load changes upon terminal volt- 
age. The initial value of ey’ can be deter- 


mined from the original operating condi- _ 
This initial value can be used as a | 
boundary condition in the solution of a 


tions. 


differential equation for eg’ after a tran- 
sition, and the resulting expression can be 


converted to terminal voltage by use of 


the new circuit constants. 

Wagner’ has given the relation hetipbeaia 
éq and ey’ under closed-circuited armature 
conditions as } 


In equation 5 the subscript ¢ indicates 
the sum of a machine quantity and an 
external load quantity, that is 


Xar’ = Ka" +Xext 
11=TatText 


and so on, 

In modifying equation 4, which ap- 
plies only when the armature is open- 
circuited, to get an expression for closed- 
circuit conditions, the change in the time 


constant Ty,’ caused by mutual effects — 


between the armature and field circuits 
must be considered. Wagner has shown? 


that under closed-circuit conditions Ty,’ — 


can be modified to give the equivalent 
closed-circuit time constant 7,’ as fol-— 
lows: 


7, 
te +Xat'Xat 
re +xarXa 


nile sone Pao r (6) 
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The one quantity — 


(S) 


ts 


“4 


jet 
ie. 
"oe 

i s 


Substituting the closed-circuit time 
constant T4/ for Ty’ in equation 4 and 
substituting for ez its value in terms of 
eq’ from seine 5, we get 

, deg’ he 

T, 

an: di “iu ' Ts 7 ed 
which is the differential equation for 
eq’ under. dpaeerplare armature con- 
ditions. 


i Bee. (7) 


SATURATION 


In the derivation of equation 7 satura- 


tion was neglected and ¢g was assumed - 


to be equal under steady-state conditions 
to e,. Equation 7 can be corrected for 
the effect of saturation by subtracting 
directly from e, an amount of excitation 
corresponding to that used in overcom- 
ing saturation as the internal voltages of 
‘the machine vary. 


Inthe graphical method of determining 


the voltage-time behavior of generators 
under suddenly applied load, a step-by- 
step correction for saturation is made in 
_ the exciter voltage e, as the voltage be- 
‘hind the Potier reactance of the genera- 
tor varies. This correction, which is sub- 
tracted directly from é,, is the per-wnit 
amount of excitation required for satura- 
tion on the no-load saturation curve at 
voltages corresponding to instantaneous 
values of the Potier voltage ep. Making 
the same correction in equation 7, calling 
the saturation component of excitation s 
and subtracting it from e,; we get 


, 2 
, deg’ Tao 


dt 
Calculation of a large number of specific 
cases using the graphical method indi- 
cates that over a wide range of conditions 
the correction s does not vary greatly 
from its value at no-load normal voltage. 
Analysis shows that this can be expected 
to occur for any normal range of machine 
constants and applied loads. For these 
reasons the saturation correction s has 
_ been assumed for convenience in solving 
equation 8 to be constant and equal to the 
per-unit amount of excitation required to 

- overcome saturation at normal voltage no 
load. One unit of excitation, as pre- 
viously noted, is the amount required to 


Tao ea" =€,—S (8) 


produce rated voltage on the air-gap line 


of the no-load saturation curve. Since 
the saturation correction s is a small 
quantity subtracted from the much larger 
quantity ¢,, the error introduced by 
assuming s constant is small. The slight 


effect on the maximum voltage drop: of 


varying the quantity s over a wide range 
is shown in Figure 6e, which further con- 
firms the assumption that an average 
figure can be assumed for s without serious 
error. 
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eq = Tao'(Te+Ta’) 


GENERATOR VoLTAGE-Time EQuation 
In Appendix 2, equation 8 is solved 
under the assumption of constant satura-— 
tion, e, being expressed in the form of 
equation 1. The resulting expression for 
the direct-axis transient internal potas 

as a function of time is 


(e,.—5) Fa" 
Tao! 


i; ex1 g’€ 


in which e; is the initial exciter voltage in _ 
per unit, determined by the excitation 
requirements of the generator under load 
conditions preceding the load change; 
T,’ is the generator transient time con- 
stant in seconds, defined by equation 6; 


Ta’ is the generator open- -circuit time 


constant in seconds; T, is the value read 
from Figure 8 corresponding to the re- 
sponse of the exciter; / is the equivalent 
regulator operating time; s is the per- 
unit excitation required for saturation 
at normal voltage on the no-load satura- 
tion curve of the generator; and ea,’ is 
the initial value of direct-axis transient 
internal voltage, calculated from the 
operating condition of the generator 
previous to the load change. For a 
generator initially operating at normal 
voltage, a per unit current 2, and a power- 
factor angle ¢, ea:’ in per unit will be 


At (xa! txg)i sin bbxgig’i? 

V/ 14 2xgi sin o+x7%? 
For a machine operating initially at no 
load, 1=0 and ew’=1.0. Equation 10 
is derived in Appendix 3. The voltage 


ea’ given by equation 9 can be converted 
to terminal voltage e, by the following 


tes 


expression.! 


V Gg?) Geis La 


Nar’ Xt? 


= 


Most convenient tise can be made of - 


equation 9 in determining minimum e, by 
substituting in it directly the value of ¢ 
at which eq’ and e, have their minimum 
values. By differentiating equation 9, 
setting the result equal to zero, and solv- 
ing for ¢, it can be shown that the time at 
which these minimum values occur is 


lis 
Td 
/ 
’ ail g’€ 
T. Tq ‘ f 


; ; ‘ 
~ Ta o, , elit f 
+ea;' |€. ' +] 78 us 7 | ne 
; ee ) J 


363 kva, or 0.97 per unit of gene 
rating, at a power factor of 0.4 


Se Pee ae Sw 
Experimental, Confirm: 
Equations a 


Tu! 


citer, and regulator setups. 
binations were in both cases iden 
their essential parts to the < eee 
in Figure 2. 

In the first group of tests ae 
tion-motor starting load was ap; 
375-kva generator operating at 
initial loads. The locked-roto: 
the motor at rated generator volta 


als - 
citer response was 2.16, and the 
time of the regulator was 0.05 
Characteristics of the generator 
this group of tests are given in Ta 

A typical set of curves from a: 
gram made during this group ° 
shown in Figure 3. In this ca 
initial load on the generator 
per unit at mee has iba factors 


voltage and up to the time a’ 
duction-motor speed approach 
maximum-torque point. The 
minimum voltage, determined by n 
of equation 12, coincides pres. : 
with the actual time of minimum ae 
from the oscillogram. ety 
Figure 9 shows a ‘representative t 
result from the second group of t 
In this group a 386-kva motor-star 
load was applied to a 187-kva generato 
an added load of 2.06 per unit. For 
test shown in Figure 9, the generator w: 
operating initially at no load. A 
ment of the calculated ‘points with. 
results is close up to the point at. whic 
motor impedance changes. 


ee ee 
0.434(T,+Ty) 


ey Tq le 


By substituting ¢ from equation 12 into 
equation 9 and applying equation 11, the 
minimum terminal voltage e, can be 
determined directly. 
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Figure 7. Voltage build-up 
~ curve of a self-excited exciter, 
showing method of calculating 


response 


Nominal slip-ring voltage, 83 


volts. Comparison of test 
curve with analytical approxi- 
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mation - 
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Figure 8 (below). Time con- 


TIME-SEGONDS 


lrops in other tests of these two groups as 
vell as to several other generator setups 


ndicates that the equations can be . 


xpected to give maximum voltage drops 
vell within the accuracy limits usually 
equired in engineering applications. 


Sonclusions 


As a result of the studies described in 
his paper the following conclusions have 
een reached regarding the importance of 
ratious factors affecting voltage drop 
vith suddenly applied low-power-factor 
oad: ; 


|. Inthe generator, the transient reactance 
nd the open-circuit time constant are of 
Irime importance. Reasonable variations 
mn synchronous reactance have less effect. 
4 method is presented of correcting for wide. 
variations in synchronous reactance when 
ising the voltage-drop curves. Variations 
H quadrature reactance and saturation have 
ractically no effect on maximum drops. 


. For self-excited exciters the nominal . 
esponse adequately expresses for practical 
ases the effect of exciter chatacteristics 
pon maximum voltage drops. | 


. Regulator performance insofar as it 
ffects maximum voltage drop is fully de- 
ined by the time required for the regulator 
9 short-circuit the regulating resistance 
fter a drop in voltage. 


. Depending upon whether it is static or 
ynamic in character, the initial load may 


TIME CONSTANT Te— SECONDS 


(| 


stant T. for self-excited exciter 
versus nominal response 


CANT TT 


MT 


0.2 0.3 050.7 1.0 
NOMINAL RESPONSE 


consequently, the assumption of no initial 
load gives a good representation of average 
initial load conditions. 


5. Variations in the power factor of the 
applied load from zero to 40 per cent have 
a negligible effect on the maximum drop. 
This range includes normal starting power 
factors for squirrel-cage induction motors, 
so that the curves apply for usual motor- 
starting problems. 


_ It has been generally concluded that 
maximum voltage drops can be expressed 
in terms of the four main parameters, 
generator transient reactance, generator 
open-circuit time constant, exciter re- 
sponse, 
applied load. 

Mathematical expressions for generator 
voltage as a function of time have been 


Figure 9. Compari- 
son of calculated 
voltage-dip curve 
(crosses) with volt- 
age-dip curve ob- 
tained from test 


CALCULATED 
TIME OF 
MINIMUM @¢ 


TIME —CYCLES 


UNE 1944, VOLUME 63 


Added load 2.06 

per unit at 0.40 

power factor to 

187-kva generator, 

operating initially at 
no load 


Harder, Cheek—Regulation of A-C Generators 


exponential. 


and magnitude of suddenly - 


derived, based on the assumptions of 
constant generator saturation and the 
representation of exciter build-up as an 
These approximations are 
shown to be justified. The curves of 
voltage drop were calculated using these 
expressions. 


Appendix I. Deresion of 
Curve of Exciter Time Constant T. 


From the definition of nominal response, 
the area in Figure 10 under the straight line 
between 0 and 0.5 second equals the area 
under the exciter build-up curve over the 
same period, and the slope of the straight 
line is the nominal response times the 
nominal slip-ring voltage, or Re,. Under 
the assumption made in the text that exciter 
voltage rises exponentially, these relations 


_can be expressed as follows: 


(13) 


’ 0.5 Ren . é 
UY Ver et 

ene’ ‘dt =— + 
iE 8 2 


Integrating equation 13 and solving for R, — 


we get 


R=8T,(e/27*—1) —4 (14) 


The curve of Figure 8 was. plotted from 


the relation between R and 7, given by 


equation 14. 


Appendix Il. Solution of Differ- 


ential Equation for eq’ 


In the operational solution that follows, 
mathematical notation and the method of 
solution correspond to that used in refer- 
ence 8. In this notation H(é) represents the 
Heaviside unit function, and H(t—z) repre- 
sents the delayed unit function, that is, the 
function which is zero for ¢ less than h and 
equal to unity for ¢ greater than h. 

The equation to be solved is equation 8. 


The quantity e,—s on the right-hand side 


must be expressed as a function of time. 
If the regulator operating time is called h, 
and if it assumed that the exciter build-up 
curve can be represented by the analytical 
approximation given by equation 1, the 
curve of exciter voltage after application of 


load will be as shown in Figure 11. The 
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Figure 10. Derivation of relation between 
response and time constant T, 


Area under straight sloping line equals area 
under curve between O and 0.5 second 
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+, 


es | ax" ; i ae INEy : . “4 de; ae ee Sis “he 
F Y, f dey ' 


function Seis in this aruree can ey exe 

pressed in terms of unit functions : as follows: 
in 

ees ie —eH(t— h) tee’ H(t—h) (as), 

: Le Substituting equation 15 into SoisoH 8, 


_ dividing by Ty)’, and multiplying s (as- 
sumed constant) by the unit function, we 


BEEN FCN ; hs Figure 12. Two-reaction vector diagram of a 
deg’. 1 1 salient-pole synchronous generator 
J pe ee Hit)—e,Hi—h ; . . 
pry oT, 4g ret TIS : 


Mathematically this equation is nee valid 
for ¢ less than h (see reference 3), but this 
is not important in the determination of 
maximum drops because the minimum 


St 
"* H(t—h) aS, (16) 


‘Writing equation 16 in operational form 
"(replacing d /at by ~), adding the ‘operational 


form A aw , gue initial value of eq’, and 
has operated. . 


Figure 12 isa portion Me the conventional 
two-reaction vector diagram for a syn- 
_chronous machine. 


- Substituting equation 7 into the uc sient internal voltage e,’ is the projection of 


te re Wager complex integral to get ea as 


7 ee axis). That. 1s, se seas unit terminal 
o%, = id velees, 
a eg’ = cos 6+x4't sin (+8) (19) 


eelTe w(t-n) 


TER VOLTAGE 


- Figure. 41. Exciter tion 19, we gee ; 


build-up curve, includ- - eq’ = cos d+xq!4 sin ¢ cos Bex! icos @sin 6 


a3 ing delay caused by (20) 
Bae | regulator operating time 
. : From Figure 12 , 
Xqi Cos 
Tan §=—*—_—— | 
1+ sin 6 oy 
a Me thetion of t, seeae p to the complex from which . 4 
‘Parameter z, we have re ee WS tS 
el al ae eo Dae Cos S= 3 ies = (22) 
gm So V/ 1+-2xgt sin CNet rh eet os 
F Tass +7) and Mrs) 
it ee "dz Xqi COS 
; Omi ' Sin 6 Sine prEsr (23) 
Br Ta'(2 +75). ate id ee ong 
a Subatitutiag equations 22 and 23 into 
1 ae edz + equation 20, we get equation 10, ; 
2rt T,! “a 1\ | 
Br o4 arr mee N | 
| ie on pyle omenciature 
Qmi ine” 
Per-unit values are used for all quantities 


except where specifically denoted otherwise. 


- from which, upon evaluating the complex GD 71S ingle top 
2 integrals and simplifying, we obtain equa- éa=direct-axis synchronous internal 
: voltage 


* 
4 tion 9. 


! j 


318 ‘TRANSACTIONS 


value of eg’ will always occur at a value of tes 
greater than h, that is, after the regulator 


if Rs pee | aay. eit 
a , = wea ri t . 
(DOSE ARR Seer L Appendix Ill. Derivation of Ex- 
— Tao ete ? Tao Ptr 7 
oe ae pression for Initial Value of ea! 
pei€ i pea,’ 


The direct-axis tran- 


, the transient voltage e; upon the direct | 


Upon expanding the last term of equa- =i 


2, ERFECT oF ARMATURE 
-HuntTInc or SyNcHRON 
Wagner. 


Cay ’ initial 
nal voltage 
e,=transierft inte 
én =nominal e 
e,=generator ter: 
eg =exciter terminal 
e,=initial exciter 


fos t Be chan and | v 
greater. than hi ee 
i= =armature current. 11 


t=~V—-1 
ip=field « current a 
L=field inductance e) 
p= parameter used 
— form of time-d 


Wiihes ct’ Ta Wee 
R=nominal exciter res 


Yr > 


rated voltage 6 
t= time in econds 


nous Papeeaneals 
ais seat ien ere, 


_ actance 
; | kg =Xq tiext ; 


1. Exgcrrica, TRaNns 
REFERENCE Book. Ww 
Manufacturing — gc 
1942. Chapter 7, 
C. F. Wagner. 


AIEE RAC eo } 
pages 1011-26. 


3. COMPLEX VARIABLE AND OF 
cuLus (book). N. W, McLachlan. 
oe ape New York, MN: Yes 1942. 
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_ When Long Distance Says— 


Please limit your call 


to 5 minutes” 


That’s a good suggestion to follow. 


It means the lines to war-busy 
centers are crowded. It’s a friendly, 
thoughtful act that helps the other 
fellow —and then some day turns 


right around and helps you. 


sbruary 28, 1925. 
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EXTRUDED PLASTIC TUBING « 
HARVEL & IRVINGTON 


Transflex tubing withstands re- 
peated deformation by the cam 
used to start, reverse, or com- 
pletely stop the flow of ink from — 
reservoir to pen, It also is resis- 
tant to the cam and recess lubri- 
cant. (Partially assembled, 
underside view.) 


Transflex rods, at the points 
shown, absorb over 56,000 jolts 
in five minutes when the neces- 
sarily sturdy, oscillating pen 
records messages at 400 words 
per minute. 


For code recording field communications equip- 
ment, the U. S. Signal Corps needed a flexible 
tubing which would satisfactorily convey special 
quick-drying ink, without swelling, and also with- 
stand frequent compression over a wide range of 
atmospheric temperatures. Transflex Extruded 
Plastic Tubing was found wholly suitable. In the 
same equipment, short, resilient rods were needed 
to restrict action of the recording pen and to cushion 
its 10,000, and more, vibrations per minute. Again, 
Transflex met all requirements. 

As a result of the two series of tests, Transflex 
rodding and tubing are used in the Waters-Conley 
Inked Tape Recorder, now serving our troops in 
advanced combat positions and message centers. 

This war-time evidence of the usefulness of Trans- 
flex rods and tubes is a preview of their post-war 
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FIBRON PLASTIC TAPE ° 
INSULATING VARNISHES 


effectiveness in many kinds of mechanical and 
electrical applications . . . as unusually versatile 
components of many products now being improved, 
developed and planned. 

Transflex was originally designed for use as elec- 
trical insulation and hundreds of thousands of feet 
already in service testify to its dielectric strength 
and ability to stand physical abuse. It has a high 
degree of transparency, and resists the effects of 
moisture, oil, gasoline, alkalies, acids, and sub-zero 
temperatures. 

Not only Transflex, but the entire line of Irv- 
ington Extruded Plastic Tubings, performs reliably 
under varied and often difficult conditions. For a 
booklet describing each tubing in detail, or further 
assistance in the selection of tubing for your present 
and post-war products, please write Department, 36. 


CARDOLITE RESI 
VARNISHED INSULATION 


wire and cable research was born 


3668 


JUNE 1944 


from the needs of telegraphy Okonite 


a HAVEN CHEEVER, pioneer rubber manufacturer, was 
started on the great research job that ended in his founding 
The Okonite Company when his friend Samuel F. B. Morse 
suggested the need for a rubber insulation that would protect 
telegraph wires in damp places. 

Cheever succeeded and Okonite’s first major work was in supply- 
ing covered telegraph wire that helped our fast expanding nation get 
its messages through, despite trying conditions of heat and moisture. 

So it has been for 66 years. As insulated wires and cables were 
needed for new developments, Okonite research supplied them; fre- 
quently our investigations have indicated far reaching possibilities 
in cable insulations and cable construction which have found valu- 
able applications. In a number of instances we have developed new 
synthetic compounds which time has proved are superior in many 
respects to those made from natural materials. 

Okonite research is not an abstract, theoretical venture. 
It’s a down to earth, practical branch of our business, | Rerorr_—— 

Its results are of benefit to— and available to—all our | 6xonie apie 
customers. It’s both general, in a broad sense, and Very | wwmsr 

specific in its search for perfection and discovery in |“ "1: rm 
individual fields. 


For a discussion of Okonite wire and cable research, over 0 years ago 
- + . te Cables 
with concrete examples, write for Bulletin OK-1005A, _ ty English scien. 


tists who found 


a well illustrated 36 page booklet. Okonite Insula- 


tion ‘excellent’. 


The Okonite Company, Passaic, New Jersey. 


THE DERIVATION OF 


©) A signal flashed by tele- 

K graphers indicating mes- 
sage got through. 

o- To aid in pronunciation. 


A suffix used in the early 


N 
i nsu | ated Wi res a nd Ca bles : days (as in “vuleanite’”’) 
E 


to signify “insulation”, 
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New Allis Chalmers Dry-Type Transformer 
with Induced Cooling (Rear View) 


HEAVY ARROWS in- . 
dicate natural convec- | 
tion flow of air. — 
LIGHT ARROWS show | 
how air is moved ver- 
tically and horizontal- 
ly by new induced 
cooling. Vertical baf- 
fle (broken line) ex- b 
tends fo coils, directs, of 
air horizontally. x ia: 


MILWAUKEE, WIs. —Allis-Chalmers announces a new); | 
signed Dry-Type Transformer with induced cooling og. F 
automatically controlled by temperature — and a am 
baffle plates make this new streamlined ‘transformer id 
where peak power loads prevail, Write for B-6334 


w 1 WORK Fé FOR ‘ 


ALLIS- CHALMER 


Ay Tune in the Boston “Pops”, Blue 


EE- WISCONSIN 


Network, Saturdays at 8: 30 pm, EWT 
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is the fastest way to fortify your system.... 


and uses least materials 


New or increased load demands frequently can most efficiently 
be handled by conversion of existing lines to higher voltage. 
For this job, Lapp Line Posts are particularly suited. Using 
present sound poles and conductors, conversion to higher 
voltages can be accomplished with no more than new cross- 
arms and Lapp Line Posts. Nor need such construction be 
considered as an emergency temporary expedient. Such a line 
approaches the current ideal for a new line; and your Lapp 
Posts can be expected to give trouble-free service for a longer 
period of years than you ever got from conventional insulators. 


\ LAPP INSULATOR COMPANY, INC., LE ROY, N.Y. 
, : st design 
NB oa Pe *\ One viece Pom , . Fog pe oo ath, 
k oe dista ae ase ae N ian x yject ug bury tar No CLEAN for lea aes power, 
ag y y, 10 - ea eser ag ing. 
leaks towel | petticoats. tension 5 ore parts. preven 7 lea tcelf-cleanins 
loss mal cp m 
} in virtue DNESS- 
cTURE. Pu ore t pio INTERFE 10 - BP dio ie MECHA ' lets defle ie 
Bost dere falas cure. Ma of dese herman iiage. WA Stone 2 paioat yr secure 
ver bat” . than pUncee terference * 04 neutrat * ruptu d insula 
na N vented at aed Bre body int 
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“Applications rf eis 
nishes’’ has just been publishes 
this booklet, there is valuable t 
cal information on preheating o 
trical units, treating the units ° 


pregnation together with data relat 
to the selection of baking cycles. 


Also included is a chee sho 


at sub- atmospheric PT 

chart shows that the boiling of w 

is possible even at a temperat 

34°F. depending, of course, up 

pressure. If the surrounding pr 

-is reduced by virtue of the va 

created, the ratio of the evaporati 

of the moisture to the condensatio 

. increased. The vapor pressure 

be considerably lower, thus fos 

maximum evacuation ‘of moistur 
-deep coil interiors. 

For those interested in setiig py 
vacuum impregnation equipm 
believe this booklet will b 
assistance as there is an 
showing the complete 
All this information has 
piled to enable engineers to obt 
better results in insulating their ele 
trical units with varnish: 

This booklet is your 
without any obligation 
All we.ask is that you use y 


INSULATING V ARNISHES ! ie fee © bese 7" ‘ected s 


Chinalak Varnishes Melting Compounds , on 3 


Synthite Varnishes | _ Filling Compounds | ; an 

Finishing Varnishes Sticking Compounds _ JOHN C. DOLPH COMPA : Y 

Electric Lacquer Oilproof Enamels | Insulating Varnish Batcéa a | 
Dolcote Cable Paint | _ 168 EMMETT ST. NEWARK Le N. J. 


aa ae re 
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FOR MORE OVERLOAD PROTECTION 


CHECK FIBERGLAS' 


An exclusive combination of inherent qualities 
makes impregnated Fiberglas a better electri- 
cal insulating material; highly efficient and 
with the ability to provide an 
extra “safety factor” against 
such unanticipated abuse as un- 
usual overload. 
Being inorganic and fireproof, 
Fiberglas is unaffected by high temperatures. 
Yet unlike other highly heat-resistant mate- 


rials, Fiberglas is extremely compact; “permits 


the use of more insulation in 
limited areas than is possible 
with other types of high heat- 
resistant insulating materials. , 

Other basic properties of 


j 


Greatly accelerated production, to meet wartime schedules, 
often means overloading of electric motors. 

That this can be done without frequent breakdown is a 
tribute to both the motors and their manufacturers. But 
some motors have stood up better than others. Many of 
those with outstanding performance records are insulated 


with varnish - impregnated Fiberglas — the esi - fiber 
insulation. 


Fiberglas are: high tensile strength 
—resistance to acids (except hy- 
drofluoric), oil and _ corrosive 
vapors—non-hygroscopic, does not. 
absorb moisture —high thermal 
conductivity in textile form—per- 
manent—does not deteriorate with 
age—dimensional stability. 

All these properties contribute to longer life 
and better service for electrical equipment. They 
make Fiberglas insulation an outstanding value. 

May we suggest that you get all the facts about 
this better electrical insulation. Write Owens- 
Corning Fiberglas Corporation, 1859 Nicholas 
Building, Toledo 1, Ohio. In Canada, Fiberglas 
parade Lid., Oshawa, Ontario. ; 


| 


-FIBERGLAS 


*T. M. Reg. U. S. Pat. Off. 


ELECTRICAL 
INSULATION 
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Voltage surges, which have been re- 
sponsible for the destruction of many 
costly X-ray tubes, no longer harass 
the operators of modern X-ray 
equipment. 


Recognizing this common enemy, 
design engineers of most leading 
manufacturers of X-ray equipment 
have incorporated Sota Constant 
Voltage Transformers as a built-in 
part of their newer models, thus sub- 
stantially reducing one of the costly 
factors of X-ray work—tube -re- 
placement. 


Economy of operation,’ however, 
is only one of the improvements 
made possible in X-ray by this de- 
pendable means of voltage control. 
In the de luxe push button model 


Constant Voltage Transformers 


Transformers for: Constant Voltage + Cold Cathode Lighting » Mercury Lamps « Series Lighting » Fluorescent Lightin 
Oil Burner Ignition » Radio « Power + Controls * Signal Systems « Door Bells and Chimes « etc. SOLA ELECTRIC CO 


‘In MODERN X-RAY, costly tubes 
are protected with built-in 


of the F. Mattern Manufacturing 
Company illustrated above, the 
built-in Sota Constant Voltage 
Transformer maintains a perfectly 
stabilized cathode temperature thus 
eliminating film distortion or foggi- 
ness and greatly reducing the chance 
for diagnostic error. 


During fluoroscopic examinations, 
patient and technician are protected 
against sudden intensification of 
rays. In X-ray treatments the exact 
dosage can be administered with no 
chance for error. 


With the expansion of the use of 
X-ray into vast new fields of indus- 
trial research, constant voltage has 
become mandatory. Here speed and 
accuracy in the examination and 
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testing of basic elements, raw mate- 
rials and manufactured products 
must keep pace with the swiftly 
moving tempo of industry. 


Here is another typical example of 
improved product design made pos- 
sible by the Sota Constant. Voltage 
Transformer. As a built-in part of 
modern X-ray equipment it absorbs 
primary voltage fluctuations as great 
as 30%, reducing them to the safe vol- 
tage limits as specified on the label. 


Sota Constant Voltage Trans- 
formers require no supervision, are 
fully automatic and self-protecting 
against short circuit. Standard units 
are available in capacities from 10VA 
to 15KVA, or special units can be 
built to design specifications. 


To Manufacturers: 
Built-in voltage control.guaran- 
tees the voltage called for on your 
label. Consult our engineers on 
details of design specifications. 


Ask for Bulletin ACVe74 


g + X-Ray Equipment » Luminous Tube Signs 
+, 2525 Clybourn Ave., Chicago 14, Ill. 
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CONNECTORS } 


3 to make permanent electrical connections joecmenttta 


On circuits everywhere, you now see mod- 
ern Burndy HYDENT .(Indent Type) 
connections like those above . . . in place 
of old-fashioned connections made by 
methods which were time-consuming and 
uncertain. 

The Indent connection has been widely 
adopted because the indenting principle 
removes all uncertainty over the strength 
and permanency of the connection. Fur- 
ther, the HYDENT connectors used are of 


Connecting #£22 wire or 
2000 mcm cable... you 
can do it with one-piece 
HYDENT Connectors, 
using the simple Burndy 
Indenting Tools which 
range from small hand 
HYTOOLS (pliers), to 
hydraulic HYPRESSES. 


one-piece, pure copper construction ... 
assuring highest electrical conductivity. 
And they are installed in a fraction of the 
time ... another feature industry likes, too. 

Pioneered and proved by utility engi- 
neers, the HYDENT connection has been 
a significant aid to our war effort .. . and 
will contribute materially to product and 
production efficiency in the days to come. 
Bulletin on HYDENT Connectors gladly 
sent on request. 


BURNDY ENGINEERING CO., INC., 107 Bruckner Boulevard, New York 54, N. Y. 
IN CANADA: Canadian Line Materials, Limited, Toronto 13 
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C.c. #50.351-1 C.C. #50.354-4 C.C. #50.352-1 
British Ref. #10H-396 British Ref. #10H-391 British Ref. 410H-395 
Signal Corps #SO-151 Signal Corps #SO-146 Signal-Corps *SO-147 


Connector Corporation 


401 NORTH BROAD ST.,PHILADELPHIA, PA. 
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“Buy One of these BONDS TODAY!” 


My 


he KERITE Insulated Wire and Cable COMPANY, Inc. « NEW YORK « CHICAGO e SAN FRANCISCO 
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PERMANENT MAGNETS MAY DO 


Rendezvous on a “Fly-Speck” = 
PRECISION instrument used for widely diversified and are expanding 
‘4 guiding both large and small ships rapidly through aggressive engineering — 


to their destinations is the magnetic | and research. St haa 


. 


compass, such as the one illustrated 34 years of specialized experience in — 
above. Unprecedented quantities are __this field have enabled us to play alead- 
required for marine service. Manymag- _ing role in developing these new uses. — 
netic compasses are alsousedin planes Our large, modern plant is one of #] 16 
and tanks. . nation’s vital sources of supply. a 
-Modern compasses are versions of - Write us, on your letterhead, for the 
the earliest known application of per- _ address of our office nearest you and a 
manent magnets. Today the hundreds _ copy of our “Permanent, Magnet Man- 


of uses for permanent magnets are ual’ containing valuable data. _— a 


Help Win the War in ’44—= > a 
Buy War Bonds! | a 


~ 
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INDIANA STEEL PRODUCTS 


* SPECIALISTS IN PERMANENT MAGNETS SINCE. 1910 * 
6 NORTH MICHIGAN AVENUE © CHICAGO 2, 2” 


\ 


‘ILLINOIS 
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FOR HIGH PERFORMANCE AT HIGH FREQUENCIES 


Laminated Plastic Sheets made with BAKELITE Laminating Plastics 


Increasing need for high-frequency equipment has 
called for vast increases in the production of paper-base 
laminated plastics known as XXX and XXXP grades. 
These plastics are made with a higher percentage of 
BAKELITE resins than other grades of laminates, pro- 
viding much higher electrical values for the exacting 
demands of H.F. applications. 

Type XXX, recommended for high-humidity con- 
ditions, possesses minimum cold-flow and excellent 
machining characteristics. Type XXXP has lower di- 
electric losses and is more suitable for hot punching 
work. It is also recommended for high-humidity appli- 
cations. Its cold-flow is greater than that of the XXX 


I 
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type. The loss factor of these materials is as low as .12 at 
1,000,000 cycles (A. S.T. M. D-150-39-T); water absorp- 
tion is as low as 1.0 per cent (A.S.T.M. D-229-39). 
ASK YOUR LAMINATOR about the special grades of 
paper-base laminates for high-frequency use. If you 
have a problem involving an essential product, our field 
engineers and development laboratories are at your 
service. Or write for Booklet5-L, “Bakelite Laminating 


Plastics.” sak 
ranoe (BY MARK 


BaKELITE CorPoRATION, 30 East 42nd St., New York 17, N.Y. 
Unit of Union Carbide and Carbon Corporation 


UCC) 


* 


INSTRUMENTS COVER A 
WIDE RANGE OF USES 


Simplicity of operation combined with extreme 
. accuracy makes for greater speed in measuring 
oh, and testing AF apparatus. These fundamental 
"characteristics are basically what makes -/p- In- 
struments outstanding in the field. The variety of . 
eM instruments available and the range of tests and ~ 
“ measurements they accomplish is comprehensive. 
‘ The following is a partial listing of standard 
- -hp- instruments available at this time: 


’ Audio frequency & 
oscillators of the resistance-tuned type. Excel- 
lent frequency stability and freedom from 
wave form distortion. Model 200B Resis- 
tance-Tuned Oscillator illustrated. 


Instruments for measuring frequency 
including secondary frequency standard and 
electronic frequency meters. Model 500A 
Electronic frequency Meter illustrated. 


Ae Instruments for ‘measuring voltage in 
the audio and high frequency rates Model 
400A Vacuum Tube Voltmeter illustrated. 


Instruments for making over all ° 
measurements on audio equipment including 
total harmonic distortion, frequency response, 
and hum level. Model 325B Distortion — 
Analyser illustrated. 


; Harmonic wave analysers with naa 
new features including variable band width, 
Model 300A Wave Analyser illustrated. 


Audio signal generators providing 
standardized voltage throughout the audio 
frequency range. Model 250AG Audio 
Signal Generator illustrated. 


If you have a special problem -bp- En- 
gineers will gladly cooperate without 
cost or obligation. Ask for Catalog 
number 17A and enter your name for 
regular receipt of technical bulletin, 


HEWLETT-PACKARD COMPANY 


‘ 


=r P. O. Box 876B * Station A * Palo Alto, California 
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~ Used in Boring Mill Speed Control 
_ A typical example is the use of two Ohmite 
taper-wound Model “R”’ Rheostats in the con- 
trol system of this Boring Mill to help facili- 
tate and speed upthe machining of tank turrets. 


' Send for Catalog and Engineering 
Manual No. 40. Write on company 
letterhead for this complete, helpful 
96-page guide in the selection and ap- 
plication of Rheostats, Resistors, Tap 
Switches, Chokes and Attenuators. 


O henite Rheostats are the “heart’’ of many of today’s popular 
speed control systems for fractional horsepower and large 
power motors. Often, two rheostats in tandem are used to 
achieve both field and armature control. 

This popular use of Ohmite Rheostats is logical—because: 
(1) they provide smooth, close, continuously variable control 
of a wide range of speeds; (2) they are compact—simple and 
convenient to use; (3) they have long life; there is nothing to 
shrink, shift or deteriorate. 

‘Ohmite Rheostats are made in ten wattage sizes—from 
25 to 1000 watts, from 1%” to 12” diameter—in straight or 
tapered winding—in single or tandem assemblies—in regular 
or special types. 3 


OHMITE MANUFACTURING COMPANY 
4803 FLOURNOY STREET, CHICAGO 44, ILLINOIS 


BeRiehtuhOH MITE 
REO STaES e RESISTORS e TAP SWITCHES 
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TYPE “T” 
CAPNUT TERMINAL 


The top of the porcelain insu- 
<oweray lator is the most vulnerable 


STYLES 
“~ AERIAL LUG. 


HOOD NUT 


part of apothead. G&W capnut 

construction provides a simple 

and positive seal at that point. 

Hoop Nut The hoodnut completely en- 

peer closes the threaded connector 

1c Gee stem. The hoodnut flange com- 

pres the _ wrox presses the gasket on the top 

_o jf ah. end of the porcelain. The aerial 

int). FY =~ lug clamps the hoodnut onto 

NOUS, Se Or cui the connector stem so securely 

that the assembly will not 
loosen under vibration. 


FOR A PERMANENT TIGHT SEAL AGAINST 
ENTRANCE OF MOISTURE OR LEAKAGE 
OF CABLE OIL, TIGHTEN THE HOODNUT 
WITH A LARGE WRENCH. YOU WILL NOT 
BREAK THE PORCELAIN BECAUSE IT IS 
UNDER COMPRESSION. 


_ CAP SCREWS 


-POTHEADS .... BOXES... OIL FUSE CUTOUTS . . . OIL SWITCHES AND MULTIPLE CIRCUIT OIL DISCONNECTS 
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Write for Your 
Complimentary Copy - 


| Shall Arise” —a portfolio 
Typhonite Eldorado pencil 
productions by Samuel 
pamberlain. Subjects are build- 
gs of art and historical impor- 
nce bombed by the Luftwaffe. 


The draftsman’s skilled fingers revel in the rose- 
soft sensitiveness of Dixon’s Typhonite Eldorado 
pencils. With every lead he draws with ease 
and sureness. No pencil distraction mars his 
satisfaction while he works with them, for 


Eldorado is the draftsman’s drawing pencil. 


ss TYPHONITE 


ELDORADO 


NCIL SALES DEPARTMENT 42-J6, JOSEPH DIXON CRUCIBLE COMPANY, JERSEY CITY 3, N.J. 
Neeeneeee eee een ee nl 
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PURIFIED LIQUID LATEX is used for Laytex 
Wire and Cable Insulation. A special 
process removes moisture and water- 
soluble impurities. Laytex insulation— 
whether made from either natural or 
synthetic rubber —has exceptional 
dielectric strength. 


munition fired! ete the a @ 
anti-aircraft batteries aS woul tel g in 


and sets their cae Rverythiged 
mathematically by electricity. 


data for eee 
out chance of human ¢ error. 


attest how Beye fina cable mee 
- specialized need. 


CABLE AND PLUG ASSEMBLY for the M9 gun 
director. Laytex Insulation developed 
by U.S. Rubber Company engineers is 
built up into a homogeneous unit around 
the perfectly centered wires by an ex- 
clusive process of repeated dipping 
and drying, followed by vulcanization. 


TOMORROW'S PROMISE — _ Although 
entire output is still going to mee 
cal war needs, a day will inevit 
rive when we shall again supply | 
Laytex Wires and Cables for Buil 
Police and Fire Alarms, Communi 
tions, Signalling, Power and Cox 


Listen to the Philharmonic-Symphony program over the CBS network sie afternoon, 3:00 
to 4:30 E.W.T Carl Van Doren and a guest stab present an sper Hide of historical significance. 


UNITED STATES RUBBER = 


1230 SIXTH AVENUE, ROCKEFELLER CENTER, NEW YORK 20, N. Y. 


. » In Canada: DOMINION RUBBER CO., LTD. 
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q ) Crocker- 
Wheeler Motor, built in 1888, 


SQUIRREL CAGE MOTORS 


one 1944 


WOUND ROTOR MOTORS 


oe 


SEALEDPOWER 
(Cowl-Cooled) Motor... for all polyphase al- 
ternating current circuits, 2 to 15 horsepower. 


Industry's Most Trouble-Free Motor 


PRODUCED BY CROCKER-WHEELER’S 56 YEARS OF EXPERIENCE 


Patented “Groovseal”—no greasing 

needed for at least a year. Grooves mini- 
mize grease loss. This seal makes bearing 
maintenance expense negligible. It permits 
use of softer grease, for better lubrication 
and longer bearing life. Airtight seal pre- 
vents dust or other foreign matter from en- 
tering béarings. 


Crocker-Wheeler’s exclusive De-Sludg- 

ing Impeller. Automatically desludges 
... churns and distributes grease to bearings 
when motor is started. 


Vacuum Impregnation—standard on 
all Crocker-Wheeler motors. Seals out 
foreign matter and moisture from each in- 
dividual coil... fills all interstices, making 
windings a homogeneous mass . . . reduces 


hot-spot temperature and lengthens insula- 
tion life. Adherence of varnish prevents 
vibration of wires either inside or outside of 
slot. (Photograph shows cross sections of 
baseballs, (left) after vacuum impregnation 
and (right) before vacuum impregnation. 
Note penetration of varnish to center of 
tightly-wound ball, making it a moisture- 
proof, homogeneous mass.) 


Totally Enclosed Cowl-Cooled Con- 

struction resists corrosion. Protects 
against acid or alkali fumes, splashing or 
dripping liquids, air-borne moistute, steam, 
corrosive gases, conducting dusts, metallic 
chips, etc. 


Fin Type Construction for non-clog 
ventilation and easy cleaning. 


WRITE FOR LITERATURE ON THE SEALEDPOWER MOTOR, WHICH IS WINNING THE PREFERENCE 
OF MACHINERY MANUFACTURERS AS WELL AS OF MOTOR USERS. OR CALL OUR NEAREST OFFICE. 


DIRECT CURRENT MOTORS 


JosHUA HENDY IRON WoRKS 


GENERATORS FLEXIBLE COUPLINGS 
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+ “4 amr it 
LY afd jone 


The first Aluminum Cable Steel Reinforced was 
fabricated in 1909 by Aluminum Company of 
-America. Its size was No. 2 (No. 4 copper 


equivalent); a conductor now widely used in 


rural electrification. Six aluminum wires are 
stranded around one steel wire, to give a combi- 
nation of high electrical conductivity, dura- 
bility and high strength. 

Lime styles have changed considerably since 
then. Structures, insulators and fittings have 
all put on new faces. Spans have been greatly 
lengthened to reduce construction costs, per- 
mitting extension of service into low i income 


to 
to 


1909 sccepiadiee by fine pauhiees sate made it ai 
equally popular for these modern rural lines, 
Thousands of miles of ACSR have been pe 


chased for the construction and Sees of 


Alcoa’s” engineers and supervisors, “rec 
recommendations based on experience 
during these many years, 1909'to 1944, 
This service is available to help you 
war-loaded lines on the job, or extend er 
new areas. ALUMINUM Company ¢ OF aa 


ge 


ALUM CABLE STEEL REVMFORCED 


JuNE 1944 
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THERE IS 


A G-E INSULATING VARNISH 


FOR EVERY NEED 


car abe General Electric radio 


programs: The G-E “All Girl. 


Orchestra” Sunday 10 p.m., 
EWT, NBC; “The World To- 
day’ news every weekday 6:45 
. p.m., EWT, CBS. 


BUY WAR BONDS 


is a prime prerequisite to placing. it on the market. A die 


pounded to meet. Typical was the test of two varnishes, each 


_ product in the complete line of G-E insulation materials). 
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Rigid tests of each new varnish developed by General Electric 


naturally, these tests are made under conditions duplicating, ¥ 
in a more exacting degree, those which the varnish is com- | 


ie 

a 
Pe ee 
intended for insulating electrical apparatus where high tem- ae ‘ 
peratures would be encountered. The G-E varnish withstood © ies 


the accelerated heat- raging test; the other broke down. pit a0 


AF 


If you facea problem i in finding the correct insulating arnt rf 
for your specific needs, the engineering staff of the Resin ands 
Insulation Materials Division of the General Electric Com- ee 
pany will gladly cooperate with you. Consult your local G | Oa 
Distributor or write to Section M543-12, General Electric : 
Company, Schenectady 5, New York. (Varnishes are one- 
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HE two condensers illustrated above are examples of 
two basic ceramic condenser designs developed by Erie 
Resistor for high voltage, high KVA applications. 

Shown at the left is the Erie Type 680A transmitting 
condenser that is designed for 6000 volts RMS test voltage. 
This unit consists essentially of anumber of silvered ceramic 
discs, each having the well known stability and temperature 
retrace characteristics of compensating Ceramicons, and 
in addition are designed to safely withstand high voltages 
required in this type of condenser. 

The Antenna Coupling Ceramicon illustrated at the 
right employs the double cup design originated by Erie 
Resistor. In developing this unit Erie engineers success- 
fully overcame the problems of ‘eliminating corona and 
dissipating internal heat while retaining small size and 
simplicity of design. The specifications of this condenser, 
given at the right, show the high degree of perfection 
it has now reached. 

Erie Resistor is working further on the development 
of similar Ceramicon designs for other applications. If you 
have a condenser problem connected with present day 


pouecken BY Sue Zz 


REG, U.S. PAT. OFF. resigns. 


FOR RADIO FREQUENCY AND 
HiGH K VA applications 


equipment, or for postwar applications involving 
high voltage, high KVA units, we would like to 
discuss Erie Ceramicons with you. Our wide ex- 
perience, beginning in 1935 with the first de- 
velopment of ceramic condensers in this country, 
gives us a comprehensive background on which 
to base recommendations. 


CHARACTERISTICS 


Left: Type 680A Transmitting Ceram- 
icon Maximum capacity 400 MMF in 
zero temperature coefficient, 2000 
MMF in -750 P/M/°C. 10,000 volts 
D. C. test voltage. 


Right: Erie Antenna Coupling Con- 
denser: Maximum capacity 50 MMF 
in zero, 250 MMF in -750 P/M/°C 
temperature coefficient. Typical rating 
in zero coefficient, maximum R. F. cur- 
rent 3 amps at 3 MC and 5 amps at 
9 MC at 65°C. Test voltage 6000 
volts D. C, 


FOR HIGH ACHIEVEMENT 


IN WAR PROOUGTION 


Back The Attack—With War Bonds 
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115 kv 138 kv 161 kv 230 kv 287 kv 
0,003 muf 0.002 muf 0.0015 muf 0.0012 muf 0.001 muf 0.00075 muf 


This "family"" of standardized G-E Type CW carrier-current coupling capacitors and 
Type KA potential devices permits assemblies of any established volfage ratings. 


GENERAL ELECTRIC HAS PLANNED AND 
BUILT MORE CARRIER-CURRENT 


THAN ALL OTHER 
MANUFACTURERS COMBINED 


EQUIPMENT 


The 


NATION WIDE ORGANIZATION | 


originating at this factory at Trenton, N. J., serves the 
nation from coast to coast. Wherever you are located, 
these Representatives stand ready to assist you: 


E. R. Blyler The Bourse Building Philadelphia, Pa. 
A. Lee Clifford 32 E, Georgia St. *Indianapolis 4, Ind. 
R. H. Cupples 324 First St. North *Minneapolis, Minn. 
Crescent Electric Sales Co. 624 W. Adams St. *Chicago 6, Illinois 
Crescent Insulated Wire & Cable Co. 298 Duquesne Way *Pittsburgh, Pa. ” 
Edgar E, Dawes 312 Rhodes Building Atlanta, Ga. 
Leigh A. Doxsee Co. Rm. 307, 4030 Chouteau Ave. St, Louis, Mo. 
Electric Agencies 562 First Ave. South Seattle, Washington 
Electrical Sales Co. one Cae St. Baltimore 2, Md. 
evert g. 
Paul Hogan, Jr. ‘ fon Perdido St. New Orleans 12, La. 
W. F. Howe & Co. 2627 McGee St. Kansas City, Mo. 
Hemphill & Co, 446 E. Woodbridge St, *Detroit 26, Mich. . 
: Henger-Fairfield Co 1810 Columbus Road *Cleveland, Ohio , 
@ This latest oscillograph facilitates the eee Co. 916 U. B. Building Dayton, Ohio 
° . = . A, Maley aes is £ 
investigation of transient as well as recur- We Heagarty, Central Nat’ Bank Bldg. Hickusud vas 3s 
rent phenomena over a wide frequency 2 & Hule Co. 207 Thomaks Baila g Dal cees a : 
A earton agle es' - eae Paes cat P 
range. And since a permanent record of a 720 East Second St. *Los Angeles 84, Cal q 
transient phenomena is usually desirable, CG. Pierce 241 Purchase St. *Boston 10, Mass. ; at 
this instrument provides for such photo- 1. trtedenss GOIRonel span aan ie a 
graphic recording by applying compara- i - 
tively high accelerating potentials io its et 


cathode-ray tube. Furthermore, a new type 
of beam-control circuit is incorporated. 


The sweep frequency range has been ex- 
tended. The instrument may be used for 
observations on low-speed machinery and 
for other low-frequency signal functions— 
even down to 14 cycle per second. At the 
other extreme, the instrument handles radio- 
frequency signals as high as 500 kilocycles. 
The time-base has the necessary range to 
display such signals properly. Also, the 
vertical amplifier can satisfactorily accom- 
modate them. 


NAR NEES 
ba 


@ KANSAS CITY 
ST LOU/S@ 


@ Write for Literature... 


This oscillograph may meet your particular require. 
ments. If not, there are other DuMont oscillographs 
with other characteristics that may meet your needs. 
You'll find them listed and described in our manual 
— copy on request. 


OUMONT 


Pn - gO ees 


CRESCEN 


ALLEN B. DU MONT LABORATORIES, INC. 


Tata WIRE and CABLE 


Coble Address; 6=— Wespexlin, New. York 
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CHALLENGE! 


As you look through the ads in this magazine... 


FIND THE GLASS PARTS NOT MADE AT CORNING 


T’S really not much of a gamble on our part. The 
truth is that most of the electronic glass equip- 
ment built today comes from Corning Glass Works. 


Bulbs, flares, insulators, transformer bushings, tub- 
ng, resistor tubes, coil forms, are just a few of the 
mundreds of electronic glassware products produced 
inder our Army-Navy “E” flag. Here you will find 
zlasses with high electrical insulating qualities; glasses 
with an expansion coefficient practically equal to that 
of fused quartz; glasses extremely resistant to mechan- 
ical shock; glasses that can now be made into intri- 
cate shapes formerly considered impossible. And be- 


ei 
ine ts 


é ORNING 
—_——Jnlans a 
Research in Glass § 


June 1944 


“PYREX” and “CORNING” are registered tra 


hind them all, 75 years of pioneering in glass research 
and experience gained in the development of more 
than 25,000 glass formulae. 


We hope this doesn’t scare you. All'it means is this: 
If you have a problem you think glass might be help- 
ful in solving, feel free to call on Corning! Everything 
we know about glass is at your service. Just to get 
started we'd like to send youa copy of an informative 
new booklet, “There Will Be More Glass Parts In Post- 
war Electrical Products.” If interested, write Electronic 
Sales Dept. N-6, Bulb and Tubing Division, Corning 
GlassW orks, Corning, New York. 


‘stun TE 
i SPEEA ing : 
ay 


Pre 
eee 


CORNING 
ZF aS 
AMRED 
PYRE) 
at ays Shy 


& 


emnteeor Corning Glass Works 
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When ‘‘that day’’ arrives, I R C will be able to 
supply not only voltmeter multipliers but a// 
types of resistances, to meet raged s peace 
time needs. 

There will be no lag because of reconversion. 
Instead, the vast quantities of resistors being 
turned out for the Armed Services can be immedi- 

| ately diverted to civilian goods channels at 
_ prices consistent with the mass Besueoe 
methods now in effect. 


Meanwhile, members of our engineering staff 


will be glad to consult with any manufactur 
ers whose post-war plans involve resist- Rs 
ance units. There is no obligation, and Ss 
of course you can becertain all infor- > 


C75. 5—1943. 


FEATURES OF SEALED PRECISION 
VOLTMETER MULTIPLIERS 


1. Meet all test requirements of A.S.A. Standard 


2. Space and layer wound with eeawette wire 
and with silver soldered’ connections. 


3. Sealed to withstand all salt is sale and 
tropical conditions. 


4. Non-inductively wound to one half te one 


+ FOR tld? ¥ Parent: 


Dr 
oS 


5. Extra safety Jactor through the use aa 
of large diameter wire and specialin- = 


_ mation will be held in confidence. 4, | _ sulation against voltage breakdown, = 
‘ nants we 2 a 
1 ’ : a 7 be | : | | | 1 : an | i ‘ee ] | f 2 | it 7 
_ a i_ = 2 ae BP | ag J | in | f 
401 N, Broad St. Philadelphia 8, Pa. : 
MC makes more types ef resistance units, In more shapes, for more applications than any other manufacturer in the worlds. r ¥ 
: « 


CURRENT -~ VOLTAGE | 


ARR ES 


Pause 


BATTERY VOLTAGE 


VOLTAGE OF 24y I WITH AMPERITE 
BATTERY & CHARGER, VOLTAGE VARIES 


VARIES APPROX. i ONLY 


0% | 2% 


_ When a machine, constructor chooses a 
grade of brush for a given motor or gen- 
erator, he wants to know that the mate- 
rial is uniform and can be uniformly 
reproduced over a period of years. 


In service also, operating and mainte- 
nance men want brushes that give iden- 
tical. results when replacements are re- 


quired. RRR aer te oe am 
ENGINEERS: cise oe ae ee ae 


Through the years, Morganite brushes 
have remained uniform within close limits. 
Because constructors and operators know 
they can depend on Morganite brushes, 
you will find them on many heavy duty 
machines. 


When a. brush problem arises, com- 


municate with Morganite and obtain an 


honest helpful answer. } 


MORGANITE BRUSH COMPANY, Inc. 
Long Island City 1, New York 


TRADE 


much valuable deta in practical torm — Write for your copy now. 


AMPERITE CO., 561 Broadway, New York (12), N.Y. 


Tn Canada: Ailas Radio Corp., Ltd., 560 King St., W. Toronto 


2 


Non-inductive paper 
sections in heavy tubing. 


Extra-wax-sealed against 
moisture penetration. 


. e 


Bare pigtail lead termi- 
nals will not work 


loose. 
e 


Victory Line, readily 


available, contains 8 


different capacity values 
to meet usual require- 
ments. 600 volt ratings. 


® Yes, millions of these Aerovox paper 
tubular capacitors are proving their 
worth, day after day, in radio, elec- 
tronic and other equipment. They 
cost relatively little. Yet they are 
made with scrupulous care and great 
skill. Finally, each and every one is 
individually tested. 


©@ Write for latest catalog covering an 
outstanding line of capacitors for all 
requirements. 


INDIVIDUALLY TESTED 


AEROVOX CORPORATION, NEW BEOFORD. MASS. U. 
Export: 13 €. 40 51. 
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MR, LITTLE and : 


| MR.BIG 


- SEND WASTEPAPER INTO THE FIGHT 


i 


One wants radio. and electronic com- 


-_ 


ponents and equipment in dozen units 
—the other calls for hundreds. One 
needs help on priorities—the other 


has a ticklish technical problem. One 


- can, use non-critical parts—the other 


asks for made-to-order apparatus. Big 


or little, whatever the requirements, 
“Lafayette Radio Corporation acts as a 


friendly cooperative agent. As leaders 


in the field, we have the confidence of 


leaders. We service industry, govern- 


ment agencies, the military forces, 
schools, laboratories, dealers, ete. Why 


don’t you, teo, get acquainted with 
the Lafayette Radio Corporation’s . 


4 
DON’T LET IT GO TO WASTE. 


method of doing business? 


mat 2 | t 


Tote! Write or wire for our new 8-page cir- 
-__eutar listing needed radio parts, available for 
i immediate delivery . . . coils, controls, speakers, 
condensers, relays, switches, resistors, trans- 
formers, etc. All merchandise subject to priorsale. — 


Dept. C-6 


CHICAGO TRANSFORME! 


DIVISION OF ESSEX WIRE CORPORATION 
3501 WEST ADDISON STREET + CHICAGO, 


901 W. Jackson Bivd. 265 Peachtree Street 
CHICAGO 7, ILLINOIS ATLANTA 3,GEORGIA 


¢ ~ 
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Resourcefulness of the 


—— seer eeaasnaeeny 


N-Y:T SAMPLE 


Pivsecand DEPARTMENT 

Army-Navy “E” is 
Award citation for < i - , | 
hishvachievement in is\known in Berlinand Tokio! 
war production, contin- Sh W 
uing a long record of war m \ wv | The—flexibility of N-Y-T, " 

service, is a source of justi- eaey: eee : 
ene : engineering is emphasized _ * 
ale pride to the manage- by the type and scope of ef 
ment and personnel of The ; its transformer inceptions. Prior ) 
Ar nold Engineering Company. ; So engeaat to the Defense era, N-Y-T techni- ’ tly 
The star will serve as-an incen- : Pies cians\ produced special custom- ss 
tive: toutbhe Arnold Engineering ae : designed units for general preci- | , 4 
Company to continue with the same sion applications. Then, with mil- ae 
high devotion, energy and skill to itary preparations, transformers, = 
turn out products for the war effort. rectifiers and solenoids—for prac- ‘ é 
tically every phase of ordnance “sy 
equipment — were included in x 
ys = N-Y-T production. a 
y Nene Ki Cay ert 
isha aco lbacii ale acca ID BEALS | eG ‘| With the apes of war, the in- = ee 


=] 


THE ARNOLD ENGINEERING COMPANY aor tour niece a 


147 EAST ONTARIO STREET; CHICAGO II, ILLINOIS .- Sample Department kept pace 
Specialists in the Manufacture of ALNICO PERMANENT MAGNETS with the unprecedented demands | 


of Army, Navy and Air Forces. 


1) QUICK-STARTING 
LAMP BALLAST 


Just snap. the 
; switch and get 

immediate lighting—no 

starter necessary. The 
new Acme engineered Quick-Start 
ballast will give efficient, long life, 
hum-free performance. Dual 40 


NEWYORK | 
TRANSFORMER _ 


it, ae BZ". ” 

— : watt unit 25¢”-high, 314,” wide, OMPAN 

ay . - 144/,” long, mounting centers 1334”. Weighs only ‘ ;  o} ¥ , 
Ss a 121% pounds, Available in bottom lead or end lead’ c 


a _ designs. Acme also manufactures “Cold Cathode 
Lamp” ballasts for standard 8’, 25 mm, tubes, 


THE ACME ELECTRIC & MFG. CO. 
CUBA, N. Y. CLYDE, NoYes 07} 


24-28 "WAVERLY PL.’ NEW. YORK 3, N, Y. 
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6 “EXTRAS” 


TO TRANSTATS’ SMOOTH CONTROL 3 


Well known for their potentiometer smoothness and trans- 
former efficiency, TH Transtat A. C. Voltage Regulators are 
strikingly demonstrating. another quality—long, trouble- 
free performance. 


The cut-out view above reveals some of the reasons for 
Transtat ruggedness: 


VARNISH IMPREGNATED CORE AND COIL form a 
solid mass that will not loosen in service. 


ADEQUATE TURN-TO-TURN INSULATION AND 
SOLID INSULATING MATERIAL between commutator bars 
assured by combination of extra wire insulation and var- 
nish impregnation. 


BROAD, UNIFORM COMMUTATING SURFACE results 
from grinding commutator track on the parallel, uniformly 
spaced wires of the outside, cylindrical portion of the coil. 


Pioneer Manufacturers 
of Transformers, Reactors 
and Rectifiers for Electronics 

and Power Transmission Ee 


€ 


JFACTURING 
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 FRANSTAT A. C. VOLTAGE REGULATOR FOR COM 
MERCIAL RATINGS AND ‘FREQUENCIES. 


SMOOTH, COMMUTATING SURFACE: no bumps jo 
the brush to cause breakage or arcing. 


LONGER BRUSH provides sturdiness, larger heat dis: 
sipating surface, and a greater contact area that reduces 
the current density per square inch of brush contact. 


BALANCED COLLECTOR ARM maintains brush setting 
when mounted in any position. 


These features ‘assure long, dependable life for Transta 
Voltage Regulators, Yet Transtats are no more expensive 
than many other voltage regulating devices. For a con 
tinuously adjustable voltage or a constant voltage from ¢ 
fluctuating source, specify Transtats. Write today for com 


plete information covering manually operated Transtats 
Ask for bulletin 51-2N, 


THE AMERICAN TRANSFORMER CO., 178 Emmet St., Newark 5, N. J 


AMERTRAN 


SINCE 190 AT NEWARK Ny 


Selenium Corporation of America photo-electric cells are ot 
the self-generating type and are mariufactured to highest sen- 
sitivity and permanence standards. All S.C. A. self-generating ; 

ae Ae electric cells, mounted 
cells can be used in a range from —70° C. to +70° C. and are. ; aid wnmovnredinenees 
rendered permanently stable by a special forming process.The 30 standard sizes. Many 
most modern methods and equipment available are used in of these standard types 
the manufacture of S. C. A. products. All cells and types, can be shipped from stock. 
thoroughly inspected and matched with regard to sensitivity, Write for special technical 
spectral response, etc., are available. Bublelao et (pote ss eee 


S. C. A. makes photo- 


cells and Selenium Rectifiers 
with output from 100 micro- 
amperes to 1000 amperes. 


SELENIUM CORPORATION OF AMERICA 


1719 WEST PICO BOULEVARD > OS ANGELES 15, CALIFORNIA 
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HHOTOTUBES have found such a wide variety of applications 

that many types have been developed to meet special needs. 
The complete RCA line includes both gas-filled and high-vacuum 
phototubes, with various spectral responses and a variety of sizes 
and shapes. And for applications requiring extreme sensitivity, 
RCA supplies multiplier phototubes. 
A phototube acts as a light-actuated electric valve. (It does not 
convert light energy to electrical energy, but acts only as a con- 
trol device.) The current passed is in proportion to incident light. 
Some phototubes are “high-vacuum” types; some are filled with an 
inert gas (such as argon) to increase current-carrying capacity. 
A multiplier phototube contains additional electrodes (dynodes) 
which emit secondary electrons and thus greatly increase sensi- 
tivity and output current as compared to 2-electrode phototubes. 


The cathode coating material and the envelope 
glass determine color sensitivity. RCA phototubes fall into five 
“color groups”: 

Use Tube Types 


With incandescent lamps High vacuum: 925, Gas: 
ah 868, 920, 924, 927°, 


Maximum Color Sensitivity 
Red and infra-red 


With incandescent lamps High vacuum: 917, 919, Similar to above, but sensi- 
—and for infra-red appli- 922%, Gas-filled: 918, Pie extended further into 
cation 921*, 923, 930* red 


With light source for cole High-vacuum: 926 Sts ust Approximates the 
orimetry application human ey: 


With daylight, carbon-arc, High-vacuum: 929*, 934, Blue ae Very sensitive to 
or mercury-vapor light Multipliers: 931+ A*, {P21 incandescent light at a color 
source temperature above 2700°K, 


For ultra-violet measure- High-vacuum: 935, §P28 Same as above, but special 

ment wats eaeleRe edhe high 
ultra-vio 

*An RCA Preferred Type Tube tj Saecespas 


Color response curves are available on all RCA phototubes, 


Several important fac- 
tors to be considered in selecting the general type of phototube for 
@ service are given in the following table. Specific values should be 
considered in selecting the actual tube type. 


Pa tye le ke se tye ae ak ee ee ee 


Send for this valuable data 


Free to electronics engi- 
neers: “RCA  Phototube 
Booklet,”” complete with 11 
typical circuit diagrams, 
eurves, tables, and clearly 
written text. Address: 


RCA, 716 South Fifth Street, Harrison, N. J. 


Please send free phototube data to: 


Be ee 


City ec cccccsnsccrsrvevserssesevnce States. . 0.35. es tee 


High-Vacuum type Gas-filled type 


Characteristic 


Sensitivity Low Medium 
Current Output Low Medium 
Amplification factor 1 Up to 10 
Ralauye signal-to- Low Intermediate 


noise ratio (includ~ = 
ing amplifier stage), 


Anode Volts Up to 500 Not over 90! Up to 1250 . 
Appreciable In Negligible 
Distortion (audio) Negligible a ka glig 4 
ited largel, Limited by tube Limited largel 
Hargis oS by about performance by circuit 


Gas-filled phototubes are, at present, extensively used for soun 

n-film reproduction and for relay work. Vacuum-types are wide 
used where high sensitivity is needed; for precision measureme! 
where stability of calibration is essential; and for high-speed 


The sensitivity of a phototube may vary acco: 
whether the light change is abrupt or continuous. Static sens 
is the ratio of anode direct current to constant light flux. D 
sensitivity is the ratio of the variation of anode current to 
variation of light input. The sensitivity of gas-filled photo 
drops off as light-source frequency increases, 


The use of phototubes usually involves 
sort of optical system: The fundamentals of optics must be 
fully considered in the successful application of phototubes._ 


As illustrated at left, several types of 
are available. Size, vibration, directional requirements, etc., : 
may influence the choice of one of the many RCA pho 


Phototubes are inherently sturdy, long: 
tubes and when operated under recommended conditions, j 
extended reliable service. 


Here are a few general suggestions on app) 
ing phototubes: 

In relay and measurement circuits where tubes must res 
to very small amounts of light, avoid leakage currents 
tube. Keep tube terminals and sockets clean. Erratic 
currents will affect results. 
In amplifiers where low leakage = important, select 
types such 917, 919, or 935, 
Shield phototube and leads to amplifier or relay tubes 
amplifier gain or phototube load resistance is high, 
Where high-frequency response is important keep phi 
leads short to minimize capacitance shunting of output. 
For constant calibration of high-precision vacuum phi 
devices, keep anode voltage at or below 20 volts. Keep incide 
light spread over wide cathode area. ¥ 
Design or circuit constants should be based on tests with t 
equipment operating over the expected range of _ 
variation. : 
RCA voltage-regulator tubes can improve phototube ciret 
performance, $ 
Anode characteristic curves on phototubes can be 
predict performance under given operating conditions, 


$x ull 


Due to space limitations, the Fs 
gestions presented here are bri 
and in a condensed, s 
form. If you have a specific 
plication problem or wish to di 
cuss your Lesh ebg Ly ar 
with us, write to R mme 
cial Engineering Sectan bf 
Fifth Street, Harrison, N. J. 
further published information) 
RCA Phototubes and how to 
them, send the coupon at lef 


en 


RCA VICTOR DIVISION . CAMDEN, N. J. 


The Magic Brain of all electronic equipment is a Tube and 
the fountain-head of modern Tube development is RCA. 


a 


protect men and equipment! 


- . use the 


FOR A.C. ° 


and KNOW that oeuie 
are alive or dead 


at Write for Descriptive Circular 


-Mineratac ELectric Company 


25 N. Peoria St. os -50 Church St. 
‘CHICAGO, ILL. NEW YORK CITY 


: 8 “DIE-LESS” DUPLICATING 
No Dies! might be described as a new 
industrial technique made possible by the accuracy, 
extreme adaptability and ease of operation of 
DI-ACRO Precision Machines—Shears, Brakes, 
Benders—especially when used as a continuous, 
integrated production process. Parts can be made 

just as accurately as with dies, 


a ee ==, to tolerance of .001’. 


Ce cecccsccsecesscesssrsens 


“Die- “LESS* 


Write for catalog] p, 
| UP Licay; 
NG 


“DIE-LESS”’ 
DUPLICATING 


350 EIGHTH AVENUE SOUTH « y MINNEAPOLIS 15, MINNESOTA 


FOUR NEW STANDARDS 


No. 1B—Guiding Principles for Specification of Service Con- 
ditions. Price 10 cents j 


: No. 2 28—ASAC62.1—Lightning Arrestors for A-C Power 
Circuits. Price 30 cents - 


239. 10—Graphical Symbols for Electronic Devices—Pice 20 
cents 


— - 232. 11—Coordination of Electrical Graphical Symbols. 
' Price 10 cents net 


ae discount to members A.LE.E. on single copies, 
& ; except Z32.11) 


Aimerican Institute of Electrical Engineers 
33 West Thirty-Ninth Street, New York 


NOW more Siren ever 


PAPER, OIL AND ELECTROLYTIC CAPACITORS 


INDUSTRIAL 
CONDENSER 


CORPORATION 
1725 W. NORTH AVE., CHICAGO 22, U.S. A. 


DISTRICT OFFICES IN PRINCIPAL CITIES 
QUICK DELIVERY FROM DISTRIBUTOR'S STOCKS 


Please mention ELECTRICAL ENGINEERING when writing to advertisers 


_ 200 Ampere, Catalog 275 : 


_ Compact | | 


A New Jersey engineer 
had the fallacious idea that 
he couldn’t get eighteen 
400° ampere disconnecting 
Switches in an available 
space of 21 feet. 

Then he learned that 
Matthews Disconnecting 


Switches were only 37% 


inches wide in the 200 and 


_ 400 ampere ratings and only 


434, inches wide in the 600 
ampere rating, and that 
they are all rated 7500 volts. 
His problem was solved and 


_ he had ample space to do 


a neat job... 
This is their 14th year 


_ of successful service. Thou- 


sands. are in use all over 
the country. Send for Bul- 


letin | 

Do you want to examine 
a sample? It will be sent 
prepaid on request, on loan 
account. | 


_ W. N. MATTHEWS 


CORPORATION 
se ST, LOUIS, U. S. A. 


COTO-COIL windings, in countless con- _ 
a trol installations, are playing a part in — 
this war just as, twenty-seven years ago, — 
they helped to win the first world war. 
The new COTO-COIL plant is excee 
ingly well equipped to serve you 


or peace. Ls : 


Here also is a wealth of engineering — 
experience to supervise the winding . 
to apply modern methods of impregna- 
tion . . to produce a superior coil capable ~ 
of functioning under the most severe — 


conditions. Dicom, . 


COTO-COIL manpower and equipment | 
is used to the utmost to fill existing war- 
time contracts and still allow for a pro- 
‘portion of general industrial needs. _ 


z 


27 years of elect 

coil design and produc- 
tion assure your satis- 
faction. Phone, wire or — 


“FRAHM” FREQUENCY METERS 


PuncuH-Lox 
Strcamltued 


HOSE BANDING 
METHOD 


eee IN A910 | 
the wood engraving at the right appeared in our 


First bulletin on Frabm Resonance Frequency i Feng 
SEA 
Meters, bi 


AND TODAY... 


_ the Frabm instruments shown below are » typical 
t of the thousands we build each year. 


SPEED-SAFETY-ECONOMY 
In Clamping-Splicing- 
Repairing-Mending- 

Tieing-Reinforcing 


PUNCH-LOK Streamlined Hose Banding 
Method is being used in hundreds of produc- 
tion and maintenance jobs in all industries for — 
connecting high-pressure hose; splicing elec- 
tric cable; stopping leaks in steam and water 
lines; reinforcing and mending splits in cross- 
arms and ladder rails; tieing rigid conduit or 
flexible cable to existing pipe lines or gird- 

ers; tieing ends of wire or manila rope to 
prevent fraying—and many other jobs. — 
PUNCH-LOK is giving wartime industries a 
fast, safe, economical, quality banding — 
method. Investigate NOW the many advan- 
tages it will have for you in your present and — 
postwar work. Let PUNCH-LOK solve your 
clamping or banding problems! 


CLAMPS ... Made of flat, 
high tensile, galvanized 
steel, double wrapped, 
Available from %” to 48” 
1.D. Any large size clamp 
can be pulled down and made into a smaller size. 


LOKING TOOL... Sturdily 
constructed fo assure long 
life. Locks all size clamps 


ETB i wre 


SB a 
Sieg Sek es y 


~~ 


In the. 34 years that have passed since Mr. 
James G. Biddle introduced Resonant Reed Frequency Meters to 
American industry, the basic principle of these instruments has not : : ; 

with a tensional pull of 
changed. Countless refinements and improvements have been made 1,000 Ibs. Hammer punches. 
since that date, and the range of application is being constantly and breaks excess band flush at clip. 
broadened. Frahin Resonant Reed Instruments were unique and _ GROOVED FITTINGS... | 

_ outstanding in 1910. And today, through Biddle experience, For water or steam tines. 


; oie Permits application of high 
research and development, the same simple resonant reed principle preiule Hemaleg aaioe: 


_is being applied to the solution of an amazing number of measure-  ~ damage to hose. 
ment pr oblems. i cu} Write for Descriptive Catalog and Name of Local Distributor 


Puncu-Lok 


Slee Write today for Bulletin 1695-EE 


James G. Biddle Co. 


COMPANY 


Dept. H, 321 N. Justine St. 
Chicago 7, Illinois 


wzna3z aRcH stREET Clectrical and Seiertific Insiiuments PHILADELPHIA, PA. 
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CIRCUIT PROTECTION | 


requires Fuse Clips especially 
engineered to the multitude of — 
today’s services 


PHOSPHOR BRONZE BERYLLIUM COPPER 
SILVER PLATED 


Wherever fuse clips are used—in aircraft, com- 
munications, industry, electronics, electrical 
products—from most delicate meters to high 
voltage services, Littelfuse solves the problem 
with new improvements. 


By exclusive Littelfuse design and forming, 
the best possible contact is obtained. Results: 
Maximum electrical conduction. Less heat pro- 
duced. Temperatures in panel boards and 
switches reduced. Loss of clip-temper prevented. 
Spring qualities retained 
much longer. Contact be- 
tween fuse-cap and clip is 
made over the largest pos- 
sible area, with extra tight 
grip. . : 

Whatever your fuse clip 
requirements, Littelfuse 
will be glad to counsel Littelfuse equipment on - 

Pan American Clipper. 


with you. ; Courtesy of Pan American 
} Airways System. 


LITTELFUSE INC. 


200 Ong St., El Monte, Calif. 
4757 Ravenswood Ave., Chicago 40, Ill. 


-COMPLETE—,, 


R 
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Foremost 
MANUFACTURERS 
of TRANSFORMERS 


FLECTRONIC. INDUSTRY 


GOWAN AN CONTROL 


‘THE ROWAN CONTROLLER CO., BALTIMORE, MD, 


BLACK & VEATCH 
Consulting Engineers 


| Water, Steam and Electric Power Investiga- 
tions, Design, Supervision of Construction, 
: Valuation and Tests 


4106 Broadway = KANSAS CITY, MO. 


SANDERSON & PORTER 
ENGINEERS—CONSTRUCTORS 
FINANCING—REORGANIZATION— 
DESIGN—CONSTRUCTION 


fe) 
INDUSTRIALS and PUBLIC UTILITIES 
Chicago New York San Francisco 


2 +f 


SARGENT & LUNDY 
ENGINEERS 

_ 140 South Dearborn Street 

CHICAGO, ILLINOIS 


REG, 1911 _ MEM, ALEE. 
| CHRISTIAN E. BROWN 
1 i i, = 7 ~ . 5 : 
_| Mechanical and Electrical Engineer 
| DESIGNS—SPECIFICATIONS—REPORTS 
_ ‘Tel. 6604 MANCHESTER, CONN. 


THE J. G. WHITE 


; . Member A.LE.E. 
f | JULIEN H. DAVIS Engineering Corporation 
sd 


Consulting Engineer 

: Industrial . 
_- Utility—Electrical—Mechanical — 
_ 740 So, Broadway Los Angeles, Calif. — 


Design—Construction—Reports— 
_ Appraisals cl 
‘80 BROAD STREET NEW YORK 


i 7 ' - \ i / 
| FRANK F. FOWLE & CO. WESTCOTT & MAPES INC. 
4 pate eee ee Architects & Engineers 

| eee ann Maahaaical Power Plants Public Utilities 
“A a ea! Industrial Plants 

aI 35 East Wacker Drive © |-« CHICAGO 


New Haven, Conn. 


JACKSON & MORELAND 


4 J. W. WOPAT 

- } Engineers — Consulting Engineer 
is Public Utilities Industrials TELEPHONE ENGINEERING 
a” Railroad Electrification ; : 


Construction Supervision 
‘Appraisals—Financial 
: ate Investigations _ i 
1510 Lincoln Bank Tower, Ft. Wayne, Ind. 


Designs and Supervision—Valuations 
Economic and Operating Reports _ 
BOSTON | hy _ . NEW YORK 


J. G. WRAY & CO. 


Engineers 
Utilities and Industrial Properties 


Appraisals Construction Rate Surveys 
Plans Organizations . Estimates 
Financial Investigations Management 


105 West Adams St., Chicago 


Z. H. POLACHEK 
/ Reg. Patent Attorney 
Professional Engineer . 
PATENTS OBTAINED & SEARCHED 
for any invention in U. 5S. Pat. Off. 
1234 Broadway Phone — 
(At 31 St) NEW YORK Longacre 5-3088 


2 


ae ee 


, 
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SALES ENGINEERS, onc in New York area, one 
in New England area by manufacturer of specialized 
ferrous alloy products. Excellent postwar possibili- 
ties. Applicants should be electrical engineering 
graduates or have similar experience and have proven 
sales ability, be draft exempt and have certificate of 
availability. Applications from demobilized serv- 
icemen will be welcomed. Reply with photo, 
stating age, education and previous experience. 
Salary open, Address Box 349, Electrical Eagincer- 
ing, 33 West 39th Se., New York 18, N. Y. 


S27 A « Copies of the 
WANTED: January and 
February (1944) issues of ELEC- 
‘TRICAL ENGINEERING. Please mail 
pe ezcel post) to American Institute of 
Electrical Engineers, 33 W. 39th St., 
New York City, printing your name and 
address upon the enclosing wrapper. 
‘Twenty-five cents plus postage, will be 
paid for each copy returned. 


WRITE 77 “2: 
Struthers-Dunn 


Catalog and Relay- 
Timer Data book. 


° 
For details on the 
Timer illustrated 


above, please specify 
Type PSEH-1. 


DISTRICT ENGINEERING OFFICES: ATLANTA e BALTIMORE © BOSTON © BUFFALO « CHIC 
DALLAS ¢ DENVER * DETROIT * HARTFORD © INDIANAPOLIS © LOS ANGELES e 
NEW YORK © PITTSBURGH © ST. LOUIS ¢ SAN FRANCISCO © SEATTLE © SYRACUSE 
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ss... 71.8% smaller than previous conventional units used = 
similar applications, Struthers-Dunn Type PSEH-1 impulse-initiated 
timer has the added advantages of rugged shock-proof construction, 

easily-accessible contacts, and dust-proof cover. Made in both AC 

and DC types, it operates the contacts at the end of a delay interval _ 
after power has been applied, or after receipt of.a momentary impulse 

from a push- button, limit switch, or other source. The adjustable tim- 

ing range is 20-to-l. The mechanism is immediately recycling. A 

double-pole, double-throw auxiliary relay is built in to provide a 

variety of circuit arrangements common to, or isolated from the con- 

trol circuit. It can be supplied for AC operation on 110 V. 60 cycles 

or 25 cycles; 220 V. 60 cycles or 25 cycles; or for DC operation at 
any specified voltage from 6 to 120 volts. Size of a pipes: PSEH-1 
Timer is 344" x 356" x 334”. 


STRUTHERS-DUNN, Inc., 1321 Arch St., Philsdente Pa. 


MINNEAPOLIS e MONTREA 


AGO ¢ CINCINNATI © CLEVELAND _ 


° TORONTO ¢ WASHINGTON 


‘ 


 WE’RE TEARING 
OUR HAIR 
TOO! 


@ MANY of our customers have experienced from outside suppliers, our production sched- 
numerous disappointments in changes in deliv- _ ule lags at times. 

ery dates on orders for G-R equipment; most 
do not know why deliveries cannot be made 
sometimes on the date promised. 


When it becomes necessary for WPB to 
change a scheduled delivery date, we have no 


al ordeee't eee ea é 3 prior knowledge of that fact, nor any informa- 
“eR SCAT ee agile ke: sae aaa han ion ad tion as to the reason for the change. We are 


Sneed bythe es Prod uehion Board. The required by law to fill all orders in the sequence 
scheduled delivery date is based upon the set up by the WPB schedule. Appeals directly 
ee oe Z yale reigg Phese dates are to us to re-shuffle deliveries cannot be acted 
changed principally for one of two reasons: HIS 

The present scheduling system at times 
results in considerable inconvenience to our 
customers, we know. The whole purpose of the 
‘system, however, is to supply war materials } 
when and where they are most urgently needed 

Due to shortages of raw materials, man- at the moment. This after all seems to be the © 

-_ power and finished components purchased basic aim of war production, doesn’t it? iw, 


‘Very frequently the urgency of the order is 
altered due to the ever-changing war picture; 
a top-priority order today may be far down 

on the list tomorrow. 


z : / 


G a FERAL RA D 10 C 0 ld PANY Cambridge 39, Massachusetts 
: NEW YORK CHICAGO (LOS ANGELES 
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TO GIVE YOU THE FINEST 
YOU CAN BUY... 


quis Is WHAT WE DO 


ch and | testing leb- 
varnished cambric is teste 


the V 


+ oratories, to the effect of hot 01 


resistance 


: is criti 
ree athe cpa and tearing streng 
= gauge, 


trolled ovens ments. 
3 ange excess of normal require 
« tests ia 
A. 
3. 


teste 
m each lot are 
fe mae ee carefully control 
str 


rs ap 
ed operato! 
rienc using newly 


e 
ee s to the cable, 
sent that insures pro 


d 
orrect ants of application, and p 
c 
trol of tape 


HE war has made it necessary 

for Varnished Cambric Cables 
to handle much of the load formerly 
carried by rubber. These cables 
have been substantially improved 
‘to meet more exacting performance 
requirements. 

Higher resistance to heating and 
aging now permits the cables to 
carry heavier loads for longer peri- 
ods. The development of stronger 
tapes and tougher varnishes pro- 
vides greater resistance to mechan- 
ical abuse and to the action of sol- 
vents on the varnished film. More 
precise methods of application of 
the tape to the conductor insure 


AMERICAN STEEL & 
Cleveland, Chicago, 


or 
il aan solvents. 


subject it to ating 


for dielectric 
ra conditions. 


ply these 
de- 
per tension, 
ositive con 


Columbia Steel Company, San Francisco, Pacific Coast Distributors 
United States Steel Export Company, New York 


o 


ar ly Pam pod ape hi w< 


more uniform mechanical and elee- 
trical properties throughout the 
cable. 

Why not take advantage of the 
reliability and long-lived perform- 
ance that these improved Varnished 
Cambric Cables offer? 

Whether you need low voltage 
wire or high voltage power cables 
up to 15,000 volt rating (that em- 
body lie latest discoveries in 
shielded cable with PS semi-con- 
ducting tapes to eliminate corona 
formation )—or even a 50,000 volt 
precipitator lead—there is a type 
ideally suited to your requirements. 
Catalog on request. 


WIRE COMPANY 
and New York 


UNITED STATES STEEL 
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RUBBER-STAMP. 
ECONOMIES 


RUBBER-STAMP 
/ LIMITATIONS 


tility companies in buying and using 


NIT SUBSTATIONS 


is consistently good evidence that our standardization 


policy has an even wider field of usefulness ahead of it. 


By systematic analysis of customers’ 
needs—and by co-ordination of our 
manufacturing facilities—we are meeting 
thousands of ratings and requirements 
with relatively few repetitively built parts. 


Installation and maintenance have 

been simplified. There are only two or 
three factory-assembled sections to install. 
Maintenance practice can be made uni- 
form, with fewer spares carried in stock. 


Specifying and ordering have been 

reduced to a simple. routine that is 
comparable to changing the figures on a 
date stamp. Time saved on detailed speci- 
fication work is available for more thor- 
ough system planning. 


Installed costs are lower, sub- 

stantially so when factors such as reli- 
ability, safety, and high salvage value are 
included in the economic balance. 


Remember, too, that General Electric’s policy of repetitive 
manufacture has not resulted, and will not result, in a “freezing” 


new order. 


More funda 
More produ 


THE BUILDER APPLIES 


mental design ti 
ction efficiency 


me per model 
per hour 


of designs. Our research and design staffs can concentrate on im- 
proving the line as a whole rather than continually working out 
detail modifications in design to meet the specifications of each 


As you plan for new substation installations, let us work with you 
on this route to lower investment costs. General Electric Company, 
Schenectady 5, N. Y. 


A New Ficlil 
for 
Cu-nperstion 


tL ___# 
yo hiGe 


THE BUYER: GAINS 


More kva capa 
Less maintenam 


city per investment 
ce cost per year 


ypical G-E master unit substation Save Money and Buy More War Bonds 


GENERAL @ ELECTRIC 


801-112-170 


Combined Operations Deman i | 
Noise-Free Radio Channels 


Upon. reception and transmission of radi¢ 
commands ...-upon freedom from local 
static’s message-mangling crashes... may 
depend the timing which makes combined d 
operations successful. % 

On. every front, Solar Elim-O-Stat Filte 
are keeping speech channels clear ... absorb- 
ing local interference where it starts... ’ 
motors, generators, contacts. . 

Severe seasoning under combat conditions 
gives Solar engineers war-proved products ‘Ss 
to study, helps prepare for industry’s “coms 
bined operations” when world sky ways, 
seaways and railways again are routes | 
neighbor-to-neighbor trade. Let Solar ad 
you on radio-noise suppression. Solar Manus 
facturing Corporation, 285 Madison Ave. 
New York 17, N, Y. ; 


CAPACITORS & 
ELIM-O-STATS 
@ 5643 


